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ABSTRACT
Context. Classical Cepheids (CCs) and RR Lyrae stars (RRLs) are important classes of variable stars used as standard candles to
estimate galactic and extragalactic distances. Their multiplicity is imperfectly known, particularly for RRLs. Astoundingly, to date
only one RRL has convincingly been demonstrated to be a binary, TU UMa, out of tens of thousands of known RRLs.
Aims. Our aim is to detect the binary and multiple stars present in a sample of Milky Way CCs and RRLs.
Methods. In the present article, we combine the Hipparcos and Gaia DR2 positions to determine the mean proper motion of the
targets, and we search for proper motion anomalies (PMa) caused by close-in orbiting companions.
Results. We identify 57 CC binaries from PMa out of 254 tested stars and 75 additional candidates, confirming the high binary fraction
of these massive stars. For 28 binary CCs, we determine the companion mass by combining their spectroscopic orbital parameters
and astrometric PMa. We detect 13 RRLs showing a significant PMa out of 198 tested stars, and 61 additional candidates.
Conclusions. We determine that the binary fraction of CCs is likely above 80%, while that of RRLs is at least 7%. The newly detected
systems will be useful to improve our understanding of their evolutionary states. The discovery of a significant number of RRLs in
binary systems also resolves the long-standing mystery of their extremely low apparent binary fraction.
Key words. Stars: variables: Cepheids, Stars: variables: RR Lyrae, Astrometry, Proper motions, Stars: binaries: general, Stars:
binaries: close.
1. Introduction
The remarkable correlation of the intrinsic luminosity of clas-
sical Cepheids (CCs) (Leavitt 1908; Leavitt & Pickering 1912;
Fouqué et al. 2007) and RR Lyrae stars (RRLs) (Catelan et al.
2004; Neeley et al. 2017) respectively with their pulsation pe-
riod and metallicity makes these two classes of variable stars
essential standard candles for Galactic (Drake et al. 2013), glob-
ular cluster (Carney et al. 1992), and extragalactic distance mea-
surements (Clementini et al. 2003; Riess et al. 2011, 2016). An
analysis of the GDR2 parallaxes of Galactic CCs in the con-
text of the extragalactic distance scale was recently presented
by Riess et al. (2018). Classical Cepheids are intermediate-mass
stars (typically 5 to 10 M) and this class therefore comprises a
high fraction of binary and multiple stars (Gieren 1982; Szaba-
dos 2003a; Evans et al. 2013, 2015; Sana 2017). RR Lyrae stars
? Tables A.1 and A.5 are available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
are short-period (P ≈ 0.5 d) low-mass pulsators (m ≈ 0.6 M)
that are abundant in the Galaxy and especially in globular clus-
ters (Bailey & Leland 1899; Pickering et al. 1901). They are old
(age ≈ 10 Ga1), horizontal branch stars, with a typical radius of
4 to 8R (Marconi et al. 2005). Despite their relative faintness
compared to CCs, RRLs have been used to measure distances in
the Local Group and beyond (Da Costa et al. 2010; de Grijs et al.
2017; Monelli et al. 2018), and their ubiquity makes them im-
portant standard candles for Galactic astronomy (Dékány et al.
2018; Contreras Ramos et al. 2018). Approximately two hun-
dred thousand variable stars are classified as RRLs from ground-
based surveys or the Gaia DR2 (Soszyn´ski et al. 2014, Clemen-
tini et al. 2018, Muraveva et al. 2018, Holl et al. 2018, Rimol-
dini et al. 2018). It is remarkable, however, that there is to date
very little evidence for RRLs in binary systems, as only one case
has been convincingly identified: TU UMa (Liška et al. 2016a).
1 “a” is the recommended IAU symbol for the Julian year as per the
1989 IAU Style Manual (Wilkins 1990), summarized at https://www.
iau.org/publications/proceedings_rules/units/.
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From the analysis of the light curves of a large sample of nearly
2000 RR Lyrae stars, Hajdu et al. (2015) identified 12 binary
candidates that display phase shifts of their light curves that can
be attributed to light-time effect (LiTE) that point to the pres-
ence of an orbiting companion. Liška et al. (2016b) presents a
study of 11 systems searching for LiTE in O-C diagrams, and in
the RRLyrBinCan2 database of candidate binary RRLs. A search
has also been conducted by Guggenberger & Steixner (2015)
in the Kepler mission light curve database, but without detec-
tion. Sódor et al. (2017) has interpreted the Kepler light curve
phase modulations of KIC 2831097 as being caused by the pres-
ence of an orbiting black hole of 8.4 M, but the radial velocity
data contradict the binary interpretation. The common presence
of the Blazhko effect (Blažko 1907; Jurcsik et al. 2011; Szeidl
et al. 2012; Jurcsik & Hajdu 2017) and period drifts (Szeidl et al.
2011) in many RRLs complicates the uniqueness of the interpre-
tation of the observed phase shifts. Soszyn´ski et al. (2011) found
a likely candidate for an RRL in a 15.2-day period eclipsing bi-
nary system (OGLE-BLG-RRLYR-02792). It was subsequently
identified as a peculiar type of “RR Lyr impostor” (Pietrzyn´ski
et al. 2012; Smolec et al. 2013), and was included in a new class
of binary evolution pulsators (BEP) that are believed to be very
rare (Karczmarek et al. 2017).
The companions of CCs and RRLs are important for several
reasons (Szabados et al. 2010). They may influence their evolu-
tion through mass transfer. They also shift the apparent bright-
ness of their parent stars in a systematically positive way by up to
10% or more in the visible (Gallenne et al. 2013), which affects
the zero point of the CC Leavitt law. Anderson et al. (2016a)
showed that companions have a limited effect on the observa-
tional properties of the brighter, long-period CCs, whose useful-
ness as distance indicators is thus not affected (see also Anderson
& Riess 2018). However, due to their lower intrinsic brightness,
short- and intermediate-period CCs are more likely to exhibit a
significant relative photometric contribution from the compan-
ions, particularly at short wavelengths. Companions of CCs are
often hot main sequence (MS) stars, therefore making the CCs
appear bluer. This consequently biases the estimate of their color
excesses and reddenings. If not taken into account, their orbital
displacement affects the trigonometric parallax measurements.
The census of the companions of CCs and RRLs is incom-
plete, due to the high contrast between the bright pulsators and
their companions. Stellar population synthesis models by Neil-
son et al. (2015) predict that the binary fraction of CCs is likely
lower than for their MS progenitor, and that about half of the
CCs are products of binary interactions. This would be caused by
interactions between the close-in companions and the Cepheid
progenitors while they evolve on the red giant branch. Sana et al.
(2012) claims that 70% to 100% of O stars have companions,
whereas Neilson et al. (2015) predict that only 35% of Cepheids
do. The binary fraction of Galactic CCs is thus a key observ-
able to test the intermediate-mass star formation and evolution
scenarios.
Most of the detectable companions of CCs are hot dwarf
stars, and their ultraviolet emission can dominate that of the
cooler pulsator (Evans et al. 2005, 2011). Several CCs are in
triple or quadruple systems, e.g., W Sgr (Evans et al. 2009), Po-
laris (Evans et al. 2002; Bond et al. 2018), and Y Car (Evans et al.
2005). Their spectroscopic signatures can also be observed, for
example using the calcium-line method (Kovtyukh et al. 2015).
A number of CC companions have been resolved using classical
imaging (Evans & Udalski 1994), optical interferometry (Gal-
2 http://rrlyrbincan.physics.muni.cz
lenne et al. 2013, 2014b), adaptive optics (Gallenne et al. 2014a),
or HST imaging (Evans et al. 2008, 2018, 2016) paving the way
to the measurement of their orbital parallaxes (Gallenne et al.
2018b). A database of the known binary and multiple Galactic
CCs is maintained at Konkoly Observatory3 (Szabados 2003b).
Low-mass companions with surface magnetic fields generated
by convection have been detected using their X-ray emission
(Evans et al. 2010), including for Cepheids in clusters (Evans
et al. 2014). Binary Cepheids have also been identified in the
Magellanic Clouds (Szabados & Nehéz 2012) in particular in
eclipsing binary systems (Alcock et al. 2002; Lepischak et al.
2004; Pietrzyn´ski et al. 2010; Pilecki et al. 2013, 2015; Gieren
et al. 2015) that provide extremely accurate stellar parameters
(Pilecki et al. 2018).
The goal of the present work is to test for the presence of
close-in companions of Galactic CCs and RRLs using the Gaia
Second Data Release (hereafter GDR2; Gaia Collaboration et al.
2016, 2018a). Our CC and RRL samples are presented in Sect. 2.
In Sect. 3 we use the GDR2 position and proper motion (PM)
measurements together with the Hipparcos catalog (Perryman
et al. 1997; van Leeuwen 2007) to search for PM anomalies.
In the companion Paper II (Kervella et al. 2019) we search the
GDR2 for common PM stars located near the CCs and RRLs,
and we test the possibility that they are gravitationally bound.
We postpone the discussion of individual stars to Paper II.
2. Selected samples
We present in this section the sample of CCs and RRLs selected
for our present PM analysis (Paper I) and for the search for
resolved common proper motion companions presented in Pa-
per II. In particular, we detail our choice of parallax values and
the systematic corrections that we applied to the different data
sets (Sect. 2.3).
2.1. Cepheids
We chose the sample of 455 Galactic CCs assembled by Berd-
nikov et al. (2000). We uniformly adopted the CC parallaxes
from the GDR2, which we corrected following the procedure de-
tailed in Sect. 2.3, except for four stars (U Aql, R Cru, SU Cru,
and Y Sgr) for which we adopted the Hipparcos parallax from
van Leeuwen (2007). For δCep, we adopted the GDR2 paral-
lax of its physical companion δCep B, as detailed in Paper II.
For RY Vel, whose GDR2 and Hipparcos parallaxes are nega-
tive, we adopted the photometric distance of Berdnikov et al.
(2000) based on multicolor period–luminosity relations, renor-
malized to the LMC distance modulus established by Pietrzyn´ski
et al. (2013), giving $ = 0.39 ± 0.06 milliarcseconds (mas). We
add to the sample the short-period double-mode pulsator Y Car,
which is a known triple system (Evans et al. 2005). We adopt
the distance modulus of µ = 10.8 ± 0.3 determined by Evans
(1992), corresponding to a parallax of $ = 0.69± 0.10 mas, i.e.,
with a ±15% uncertainty. Although the membership of Y Car to
the open cluster ASCC 60 is listed as inconclusive by Anderson
et al. (2013), the distance of the cluster (1.1 kpc) determined by
Kharchenko et al. (2016) does not exclude this possibility. The
GDR2 parallax value ($ = 0.301 ± 0.035 mas) is likely unreli-
able, possibly due to the astrometric wobble of the center of light
of the system.
Out of the 455 CCs present in the Berdnikov et al. (2000)
catalog plus Y Car, 254 are present in the Hipparcos catalog
3 http://www.konkoly.hu/CEP/intro.html
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and were tested for the presence of a proper motion anomaly
(hereafter PMa). The remaining stars are usually fainter than the
Hipparcos magnitude limit.
2.2. RR Lyrae
We extracted the RR Lyrae type variables from the General Cat-
alogue of Variable Stars (Samus et al. 2017), which comprises
8509 stars. Only 198 of these stars are present in the Hippar-
cos catalog and therefore suitable for the search for companions
from their PMa. We adopt the GDR2 parallaxes of RRLs, uni-
formly corrected following the procedure detailed in Sect. 2.3.
For RR Lyr itself, which is absent from the GDR2 catalog,
we adopt the TGAS parallax from the GDR1 of $[RR Lyr] =
3.64 ± 0.23 mas (Michalik et al. 2014; Gaia Collaboration et al.
2016).
We processed all the stars present in the selected catalogs
(456 CCs and 198 RRLs), but the variability class of some tar-
gets is incorrect, and we present the results related to these ob-
jects separately from CCs and RRLs.
2.3. Gaia DR2 basic corrections and quality control
The GDR2 parallaxes are affected by a mean global zero point
(ZP) offset (Lindegren et al. 2018). Examples of determinations
of the GDR2 ZP include for instance the work by Riess et al.
(2018), who derived a value of −46±13 µas specifically for CCs,
and Muraveva et al. (2018) who obtained −56 ± 6 µas for RRLs.
Arenou et al. (2018) list a statistically identical ZP value to that
of Muraveva et al. (2018) for the full sample of GDR2 RRLs
(−56 ± 5 µas; their Table 1). However, their ZP for the restricted
sample of RRLs present in the General Catalogue of Variable
Stars (GCVS; Samus et al. 2009) is −33±9 µas. For CCs, Arenou
et al. (2018) obtain a ZP offset of −32 µas.
The choice of ZP does not affect the PM anomaly and conse-
quently the detected binaries in the present paper. It has however
an influence on the masses of the companions and their linear or-
bital radii, which are inversely proportional to the parallax. The
determination of the ZP of GDR2 is a complex question that is
beyond the scope of the present work. We therefore systemati-
cally corrected the GDR2 parallaxes of CCs and RRLs by adding
a constant ∆$G2 = +29 µas offset to the catalog values, as rec-
ommended by Lindegren et al. (2018) and Luri et al. (2018).
This value corresponds to a sky average derived from quasar
measurements, and is compatible with the ∆$G2 obtained by
Arenou et al. (2018) for CCs and for RRLs. A future revision
of the GDR2 ZP to a new value ∆$∗G2 can be used to correct the
determined companion masses m2 to new values m∗2 through the
simple multiplication
m∗2 = m2
$G2 + ∆$G2
$G2 + ∆$
∗
G2
, (1)
where $G2 is the uncorrected parallax from the GDR2 catalog.
We note that choosing an offset correction of ∆$G2 = +56 µas
instead of +29 µas has a negligible impact on all the CC and RRL
companion masses (Sect. 3.4 and 3.5) within their error bars.
We implemented the correction of the parallax uncertainties de-
scribed in Eq. A.6 of Lindegren et al. (2018), as recommended
by Arenou et al. (2018).
We corrected the GDR2 PM vectors for the rotation of the
Gaia reference frame (Gaia Collaboration et al. 2018b) reported
by Lindegren et al. (2018) using the expressions
µα,corr = µα + wx sin(δ) cos(α) + wy sin(δ) sin(α) − wz cos(δ),
(2)
µδ,corr = µδ − wx sin(α) + wy cos(α), (3)
where wx = −0.086 ± 0.025 mas a−1, wy = −0.114 ±
0.025 mas a−1, and wz = −0.037±0.025 mas a−1. As discussed by
Lindegren et al. (2018) the systematic uncertainty on the GDR2
PM vectors is limited to σsys(µ) = 66 µas a−1 per component for
small separations (see also Arenou et al. (2018) and Luri et al.
2018). This is possibly lower in reality, but we conservatively
added quadratically this systematic uncertainty to the stated PM
error bars of both RA and Dec axes.
Although this is not a requirement for the present Paper I, we
corrected the G-band magnitudes using the expression Gcorr =
0.0505 + 0.9966G from Casagrande & VandenBerg (2018) in
view of the calibration of the resolved companion magnitudes in
Paper II. The validity of this correction is demonstrated over the
range 6 . G . 16.5, but we also apply it to fainter stars. The
amplitude of the correction is at most 30 mmag for a G = 6 star,
and therefore of marginal importance for our purpose. The pho-
tometry of the stars with G < 6 is unreliable due to saturation,
but we did not find such bright candidate companions.
We tested the GDR2 record of the stars of our samples fol-
lowing the three quality criteria defined by Arenou et al. (2018)
(their Sect. 4.1): (1) a reduced χ2 of the Gaia astrometric fit be-
low a limit dependent on the G magnitude (e.g., χ2red < 8 for a
G = 10 magnitude star), (2) a photometricGBP−GRP flux excess
factor within acceptable color-dependent limits, and (3) more
than six visibility periods. The stars that do not satisfy these
three criteria are flagged with a † symbol in Table A.1. We also
computed the reduced unit weight equivalent noise (RUWE4; de-
noted % in the following, see also Kervella et al. 2018) of the
GDR2 astrometric solution. The RUWE is a combination of the
astrometric χ2, the number of good observations N, the G mag-
nitude, and the color index C = GBP − GRP. In Table A.1 and
the following the stars for which % > 1.4 (as recommended by
Lindegren) are flagged with a ‡ symbol.
Binary stars present a natural discrepancy in the χ2 of their
astrometric model fit, due to the present assumption in the GDR2
astrometric model that all stars are single. As a consequence,
they are more likely to not fulfill quality criterion (1) of Arenou
et al. (2018) and exhibit % > 1.4. These quality indicators can
thus be viewed as de facto indicators, however imperfect, of as-
trometric binarity. To prevent the rejection of actual binary stars,
we therefore kept all the stars in our analysis, including those
with quality flags (we provide the flag information). Future Gaia
data releases will include the binarity in the astrometric fit, and
therefore provide a separate view of the contributions of binarity
and instrument noise to the χ2.
3. Binarity from proper motion anomaly
3.1. Proper motion anomaly
The principle of our search for close-in orbiting companions is
to look for a difference in PM vector between the mean PM
computed from the Hipparcos (1991.25) and GDR2 (2015.5)
astrometric (α, δ) positions on the one hand (hereafter µHG, for
Hipparcos-Gaia) and the individual PM vectors µHip and µG2 re-
spectively from the Hipparcos and GDR2 catalogs on the other
4 https://www.cosmos.esa.int/web/gaia/
dr2-known-issues
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hand. This approach to compare the long-term to short-term PM
vectors has historically been employed by Bessel (1844) to dis-
cover the white dwarf companion of Sirius. It was also applied
recently to various types of stars by Wielen et al. (1999), Joris-
sen et al. (2004), Frankowski et al. (2007), Makarov et al. (2008),
Brandt (2018), Brandt et al. (2018), Kervella et al. (2018), and
Snellen & Brown (2018). Figure 1 shows the definition of the
different PM vectors considered in the present work. The com-
bination of Gaia and Hipparcos data has already been used after
Gaia DR1 (Lindegren et al. 2016) to produce the TGAS cata-
log (Michalik et al. 2014, 2015). A description of the sources of
uncertainty to take into account in the combination of these two
catalogs is presented by Lindegren (2018).
We identify µHG to the projected velocity vector of the center
of mass, while µHip and µG2 represent the projected velocity vec-
tor of the photocenter of the system at the Hipparcos and GDR2
epochs, respectively. For single stars that have a linear uniform
space motion, these three projected vectors have the same con-
stant direction and norm (neglecting the variable spherical pro-
jection effects for such distant stars). The presence of an orbiting
companion will displace the photocenter away from the center of
mass, due to the difference between the mass ratio and the flux
ratio of the two stars. In this case, the photocenter will revolve
around their center of mass following a “virtual orbit” with a
semimajor axis a′
a′ =
a L1
L1 + L2
, (4)
where a is the semimajor axis of the physical orbit of the primary
star around the center of mass, L1 its flux, and L2 the flux of
the secondary component. As the Hipparcos and Gaia missions
measure the PM of the photocenter, a deviation will appear with
the PM of the center of mass.
The photocenter of a binary system comprising a CC is usu-
ally very close to the CC due to the high brightness of super-
giants compared to their companions, that are usually MS dwarfs
(L2  L1). For RRLs, the flux of the companion stars is also
small; although the RRLs are less luminous than CCs, their com-
panions are also significantly fainter (compact objects, very low-
mass dwarfs) than their CC counterparts as they are very old
stellar systems. In the following, we uniformly assume that the
photocenter of the system is coincident with the position of the
CC or RRL. This assumption results in a systematic underesti-
mation of the true tangential orbital velocity of the Cepheid by a
factor L1/(L1 + L2).
We define the signal-to-noise ratio of the PMa of the Hippar-
cos/GDR2 measurements with respect to the mean PM µHG as
∆Hip/G2 =
µHip/G2 − µHG√
σ2
µHip/G2 + σ
2
µHG −C
, (5)
where C = 2 ρσµHip/G2 σµHG corresponds to the correlation
term (with a degree of correlation ρ) between µHG and the PM
vectors from the Hip/GDR2 catalogs. These two quantities are
correlated as the astrometric positions (α, δ) in the Hip/GDR2
catalogs, which are used to compute µHG, and are themselves
correlated to the µHip/G2 PM vector coordinates.
However, since the position uncertainty intervenes in its
computation with a divisive factor 24.25 (difference in years be-
tween the Hipparcos and GDR2 epochs), C is much smaller than
the µ2Hip variance in ∆Hip and than the Hipparcos positional vari-
ance in ∆G2, and can thus be neglected in both cases.
Hipparcos

(1991.25)
Gaia DR2

(2015.5)
µHip µHG
µG2
N
E
Fig. 1. Principle of the search for a proper motion anomaly. µHip des-
ignates the Hipparcos proper motion vector (epoch 1991.25), µHG the
mean proper motion vector between the Hipparcos and Gaia DR2 posi-
tions, and µG2 is the Gaia DR2 proper motion vector (epoch 2015.5).
For the identification of candidate binary stars, we consider
the maximum of the two values ∆ = max(∆Hip,∆G2). In general,
for a given star showing a PMa, the signal-to-noise ratio ∆G2
is significantly higher than ∆Hip thanks to the higher accuracy of
Gaia (typically by one order of magnitude). However, depending
on the configuration of the orbit and the orbital phase, a PMa
may be detectable at the Hipparcos epoch and not at the GDR2
epoch.
3.2. Constraints on companion properties
3.2.1. Levels of analysis
Several levels of analysis can be achieved, depending on the
available observational constraints:
1. Proper motion anomaly only: Knowing the parallax, ∆µ
gives the 2D tangential linear velocity vtan of the target in the
center-of-mass referential at the measurement epoch. This is
a projection of the true 3D velocity vector of the star on the
plane of the sky (i.e., the plane perpendicular to the line of
sight containing the star), and therefore its norm is a lower
limit of its orbital speed. With an a priori estimate of the
mass of the target (Sect. 3.2.2) and an additional hypothesis
on the mass ratio q of the binary (Sect. 3.2.3), we derive a
range of maximum semimajor axes and orbital periods using
the expressions
amax =
Gm1 (1 + q)
v2tan
, Pmax =
2pi a
vtan
(6)
Here we implicitly assume that the orbit is circular. For this
simplified analysis, we considered only the PMa vectors de-
termined from the GDR2. The PMa vectors from the Hip-
parcos catalog generally have one order of magnitude lower
accuracy than those computed from the GDR2, and therefore
provide limited constraints on the orbital radii and orbital pe-
riods of the companions.
2. Proper motion anomaly and radial velocity: When the pa-
rameters of the spectroscopic orbit (P, e, ω,K) are known,
the knowledge of the orbital radial velocity vr of the target
at the same epoch as the PMa vector, together with the par-
allax, gives its complete 3D velocity vector v = [vα, vδ, vr].
The availability of two orbital velocity vectors, vHip and vG2,
gives access to the inclination i of the orbital plane and the
longitude of the ascending node Ω through a cross product
v⊥ = [v⊥α, v⊥δ, v⊥r] = vHip × vG2:
i = arccos
(
v⊥r
|v⊥|
)
, Ω = arctan
(
v⊥α
v⊥δ
)
− 90◦. (7)
This resolves the sin(i) degeneracy, thus allowing us to derive
the full set of orbital parameters. With a prediction of the
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primary mass (Sect. 3.2.2), the mass m2 of the secondary star
can then be determined.
We refer in the following to the level of analysis that we can
achieve on a given target using, e.g., “level 2” to designate the
systems with two PMa vectors and the corresponding radial ve-
locities.
The Hipparcos observations were conducted between 7
November 1989 and 18 March 1993 (Perryman et al. 1997), i.e.,
covering 1227 d. The GDR2 catalog values are based on data
collected between 25 July 2014 and 23 May 2016 (Gaia Collab-
oration et al. 2018a), i.e., covering 668 d. This means that the PM
vectors from these two catalogs are not instantaneous, but repre-
sent a weighted average over these observing windows that de-
pends on the distribution of the individual observed transits. For
binary systems with orbital periods shorter than these observing
windows, the measured PMa is still a valuable tracer of bina-
rity, but due to the integration of more than one orbital cycle, the
PMa vector coordinates are smoothed by the observing window.
As a consequence, the determination of the orbital parameters
together with the spectroscopic orbit may be biased (see, e.g.,
the case of S Mus discussed in Sect. 3.3). For short-period com-
panions, the error bars of the Hipparcos and GDR2 PM vectors
incorporate the residual wobble due to the several orbital cycles
covered during the observing window (Kervella et al. 2018). The
smoothing of the PMa signal also results in a significant decrease
in the sensitivity of this indicator to orbiting companions for or-
bital periods . 1000 days. The inclusion of binary fitting in the
astrometric solution of future Gaia data releases will allow this
limitation to be waived (see, e.g., the recent work by Snellen &
Brown 2018 using Hipparcos epoch astrometry).
Cepheid binary systems with fully determined orbital param-
eters from the combination of visual (from classical imaging
or optical interferometry) and spectroscopic orbit are still rare.
To date only V1334 Cyg has a fully determined, high-precision
set of orbital parameters (Gallenne et al. 2018b) including the
masses of both components to 3% accuracy and their distance to
1% accuracy. This favorable configuration provides a stringent
test of the reliability of the PMa analysis. In addition, Gallenne
et al. (2018a) recently obtained high-accuracy interferometric
astrometric orbits from interferometry for U Aql and S Mus. We
briefly discuss them in Sect. 3.3 together with V1334 Cyg.
3.2.2. A priori mass estimates
The masses of the CCs were approximated using a combina-
tion of the theoretical period-luminosity-radius relation for fun-
damental mode pulsators by Caputo et al. (2005) and the period–
radius relation calibrated by Gallenne et al. (2017). We did not
“fundamentalize” the periods of the first overtone pulsators. This
is a very simple approach, but it provides sufficiently accurate es-
timates of the Cepheid masses for our purpose (companion mass
and escape velocity estimates, see Paper II). For the short-period,
first overtone pulsator V1334 Cyg (P = 3.33 d), the agreement
between the prediction (4.6 M) and the determined mass by
G18 (4.29 M) is satisfactory (8%). For the fundamental mode
long-period pulsator `Car, the agreement is good between the
predicted value (8.4M), the range of 8−10 M defined by Neil-
son et al. (2016) and the 9 M estimate given by Anderson et al.
(2016b). For Polaris Aa, which is a first overtone pulsator, the
predicted mass is m[Polaris Aa] = 4.8 M, significantly lower
than the 7 M estimate by Anderson (2018). The estimate, how-
ever, was derived assuming the HST/FGS parallax from Bond
et al. (2018), which is underestimated (Engle et al. 2018), and
therefore the mass is likely overestimated. From the astrometric
monitoring of the orbit of Polaris B, Evans et al. (2018) derive
a value of m[Polaris Aa] = 3.45 ± 0.75 M, which is lower than
our estimate but compatible within the uncertainties. In the fol-
lowing analysis, we adopt a conservative ±15% uncertainty on
the predicted masses of the CCs of our sample.
For RRLs, we adopt a uniform mass of 0.6± 0.1 M (±15%)
independent of the period. This conservatively covers the full
range of possible masses predicted by the mass-metallicity rela-
tion of Jurcsik (1998):
logm = −0.328 − 0.062 [Fe/H] (σ = 0.019). (8)
3.2.3. Mass ratio
Mass ratios of known multiple CCs are reviewed by Evans et al.
(2015). They are distributed mostly uniformly between 0 and 1.
The CCs with determined companion masses usually have mass
ratios q < 1 for MS companions, as the CC has to be more
evolved than the companion. However, mass ratios larger than
one are exceptionally possible when the companions are them-
selves binary systems, for example AW Per (Evans et al. 2000;
Griffin 2016).
For RRLs, the only binary known with confidence is TU
UMa, for which Liška et al. (2016a) estimate m1 = 0.55 M and
obtain a minimum mass for the companion of m2 = 0.34 M,
which corresponds to a mass ratio q = m2/m1 = 0.6. We note
however that the true mass of TU UMa B is significantly higher
than this minimum value (Sect. 3.5).
In absence of spectroscopic orbital parameters, we assume
q = 0.5 ± 0.3 for CC and RRL companions in the following
discussion, with the pulsating star being the more massive.
3.3. Validation on V1334 Cyg
V1334 Cyg is a short-period (P = 3.33 d) first overtone CC
(Evans 2000; Gallenne et al. 2013) that is a known spectroscopic
and interferometric binary system (Evans 1995, 2000; Gallenne
et al. 2013). The full set of orbital parameters, masses and dis-
tance of V1334 Cyg have been determined with very high accu-
racy by G18. This therefore provides us with an excellent test
system (see Sect. 3.2) to validate our approach based on PM
anomalies.
Figure 2 shows the orbits of the two components around the
barycenter from G18, as well as the Hip and GDR2 tangential
velocity vectors (PM anomalies). The agreement in position an-
gle of the PM vectors with respect to the expected directions is
satisfactory. The GDR2 vector is consistent in terms of norm,
but the Hip vector’s norm is slower than expected. To conduct a
blind analysis we considered as input parameters only the spec-
troscopic orbital parameters determined by Evans (2000). The
parameters that we derive are listed in Table 1, together with the
corresponding values found by G18 for comparison (in paren-
theses). The agreement is good on the inclination of the orbital
plane i (1.2σ) and the longitude of the ascending node Ω (0.8σ).
The determined companion mass m2 is also in good agreement
(0.3σ).
The i and Ω parameters are directly determined from the ra-
dial and PMa vectors at the Hip and GDR2 epochs. They are
usually impossible to estimate without spatially resolving the
system. This good consistency of the results between two fully
independent approaches demonstrates the high potential of the
PMa signal to determine orbital parameters from Gaia measure-
ments.
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Fig. 2. Orbits of V1334 Cyg A (orange ellipse) and its companion B
(light blue) around their common center of mass from Gallenne et al.
(2018b). The virtual orbit of the photocenter of the system is shown as
a gray ellipse. The measured tangential velocity vector (proper motion
anomaly) is represented at the Hipparcos and Gaia epochs.
It is interesting to note that we considered in this analysis
that the photocenter is perfectly coincident with the Cepheid. For
V1334 Cyg, we know from Gallenne et al. (2018b) that its virtual
orbit (Fig. 2, gray ellipse) is ≈ 20% smaller than that of the CC
(orange ellipse). Correcting a posteriori for this offset results in
an increase of the companion mass to m2 = 3.9± 0.6 M, within
0.2σ of the true mass of V1334 Cyg B (4.0 M). The inclination
i is increased to 119 ± 6◦, which is also within 1σ of the value
determined by Gallenne et al. (2018b). This confirms that our
hypothesis that the orbit of the photocenter is identical to that of
the CC results in a systematic underestimation of the mass of the
companions (Sect. 3.1). However, V1334 Cyg is an extreme case
as the relative brightness of V1334 Cyg B in the visible is not
negligible (≈ 10%). For most of the CC binaries considered here,
the companions are much fainter, and the bias on the determined
companion masses is negligible.
Gallenne et al. (2018a) recently reported an orbital solu-
tion for U Aql and S Mus based on astrometric measurements
obtained by interferometry. They derived companion masses of
m2 = 2.2±0.2 M and 4.0±0.2 M, respectively for the two CCs.
For U Aql the agreement with our estimate of m2 = 1.9± 0.3 M
(0.8σ; Table 2) is good. For S Mus we obtain a companion mass
of m2 = 2.2± 0.3 M, significantly lower (5σ) than the Gallenne
et al. (2018a) value. This discrepancy arises from the orbital pe-
riod of this system, which is significantly shorter (Porb = 506 d)
than the GDR2 and Hipparcos measurement windows. As dis-
cussed in Sect. 3.2.1, this biases the corresponding PMa esti-
mate, as testified by the classification of S Mus as “preliminary”
in Table 2.
3.4. PM anomalies of Cepheids
Tables A.1 to A.3 list the result of the search for PM anomalies
on our selection of CCs. We identify 31 stars with a high ∆ > 5,
26 stars with 3 < ∆ < 5, and 75 additional CCs with indications
Table 1. Parameters of the V1334 Cyg system from the combined anal-
ysis of the spectroscopic orbit of Evans (2000) and the proper motion
anomaly vectors. The high accuracy values derived by Gallenne et al.
(2018b) are given for each parameter in parentheses.
Adopted parameters
Parallax from GDR2 $ 1.180±0.066 mas (1.388±0.015 mas)
Mass from P-M m1 4.6±0.7 M (4.29±0.13 M)
Parameters from Evans (2000)
Orbital period P 1937.5±2.1 d (1932.8±1.8 d)
Eccentricity e 0.197±0.009 (0.233±0.001)
Arg. of periastron ω 226.4±2.9 deg (229.8±0.3 deg)
vr amplitude K1 14.10.1 km s−1 (14.1680.014 km s−1)
vr at Hip epoch +9.86 ± 0.41 km s−1
vr at GDR2 epoch −9.66 ± 1.33 km s−1
PMa vectors
µHip [−1.36±0.29,+0.26±0.33] mas a−1
µG2 [+2.90±0.12,+2.73±0.14] mas a−1
Parameters from present analysis
Inclination i 118±6 deg (124.94±0.09 deg)
Semimajor axis a 6.18±0.21 au (6.16±0.07 au)
Ang. semimajor axis θ 7.3±0.5 mas (8.54±0.04 mas)
Long. of asc. node Ω 208±6 deg (213.17±0.35 deg)
Mass of secondary m2 3.80±0.57 M (4.04±0.05 M)
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Fig. 3. Histogram of the detected PMa signal-to-noise ratios ∆ of CCs
(right panel) and fraction of known binaries with respect to the total
number of Cepheids per bin (left panel). The dashed red lines mark our
binary detection threshold of ∆ = 3.
of a PM anomaly with 2 < ∆ < 3. The fraction of CCs in our
sample of 254 tested stars showing PMa at least at a ∆ = 3 level
is therefore 22%. The histogram of the observed PMa signal-to-
noise ratio ∆ of the CC sample is presented in Fig. 3 together
with the fraction of known CCs for a given range of ∆ values.
We observe that among the CCs with ∆ > 3, approximately
70% are previously known binary systems. The histogram of the
detected sources as a function of their parallax is presented in
Fig. 4. When combined with the known binary systems from the
Szabados (2003b) database the fraction of binary systems in CCs
comes out at a high level. Eight out of nine CCs in our sample
within 500 pc ($ > 2 mas) are in binary systems: six exhibit
∆ > 3 (U Aql; SU Cas; δCep; SU Cru; βDor; X Sgr) and two
others are classified as binaries from Szabados (2003b) (ηAql,
∆ = 1.72; Y Sgr, ∆ = 2.98). Although ζ Gem is also listed as a
binary by Szabados (2003b), its visual companion is not physi-
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Fig. 4. Left: Histogram of the Cepheids that show a proper motion
anomaly (∆ > 3, dark blue), with the additional stars classified as bina-
ries in the database maintained by Szabados (2003b) (medium blue) and
the overall sample (light blue) as a function of parallax. Right: Binary
fraction as a function of parallax. The error bars represent the binomial
proportion 68% confidence interval.
cally related to the CC (Paper II), and we therefore removed this
star from our binary star count. We note that SU Cas and δCep
are likely triple and quadruple systems, respectively, and Polaris,
which is the nearest CC (but is not part of our sample), is a triple
system (Paper II).
Considering the 100 nearest CCs in our sample (with $ >
0.56 mas), 32 stars show ∆ > 3, and 31 others are known bi-
naries from the Szabados (2003b) database. Four CCs in this
sample (TV CMa, ER Car, V0532 Cyg, and V0950 Sco) are not
classified as binaries by Szabados (2003b) and have ∆ < 3, but
we report resolved gravitationally bound companions in Paper II.
Altogether, we therefore obtain a minimum binary fraction of
P = 67% for this sample of 100 nearby CCs. Another way to
estimate the binary fraction is to rely on an estimate of the com-
pleteness level r of the PMa binary detections within our 100 CC
sample. An approximation of r is provided by the fraction of CCs
with ∆ > 3 among the known binary CCs. We obtain a value of
r = 43% for our sample that characterizes the mean efficiency of
the PMa analysis to detect known CC binaries. Applying this ra-
tio to the detected PMa with ∆ > 3 gives an extrapolated binary
fraction of P = 31/0.43 = 72%, which is consistent with the
overall minimum binarity previously determined. The smoothly
decreasing shape of the binary fraction curve shown in Fig. 4
(right panel) is due to the the sensitivity of the PMa technique in
terms of companion mass being a linear function of the parallax.
This can be observed, for instance, by restricting our sample to
the 50 closest CCs. This sample contains 24 stars with ∆ > 3,
and we derive r = 49%, hence an extrapolated binary fraction of
P = 98% (in agreement with Fig. 4 for nearby stars).
Considering the minimum P values above, and taking into
account the decreasing sensitivity of the PMa analysis with dis-
tance, we conclude that the actual binary fraction of CCs is prob-
ably above 80%. This fraction is consistent with the estimate
by Szabados (2003b) (P & 80%), but higher than observed by,
among others, Anderson et al. (2016a) (P = 32 − 52%) or Chini
et al. (2012) (P ≈ 40 − 70% for CC progenitors) and predicted
by Neilson et al. (2015) (≈ 35%).
The orbital parameters and companion masses that we de-
rive from the level 2 analysis of the systems that have spectro-
scopic orbits are presented in Table 2. The derived companion
mass m2 is inversely proportional to the adopted parallax $ of
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Fig. 5. Left: Histogram of the mass ratios q = m2/m1 of the Cepheid
systems with spectroscopic orbits. Right: Distribution of the compan-
ion masses m2 as a function of the orbital semimajor axis. The “prelim-
inary” systems in both panels correspond to the systems with uncertain
parameters (lower part of Table 2).
the system. As a consequence, a revision of the Gaia parallaxes
in the future data releases will result in a revision of the com-
panion masses. We note a good agreement of our values of Ω for
FF Aql and W Sgr with the HST-FGS determinations by Bene-
dict et al. (2007), but a difference in the inclinations i, which
may come from a different definition of this parameter. Ander-
son et al. (2015) recently announced the discovery of a close-in
companion of the prototype CC δCep. Adopting their spectro-
scopic orbital parameters, the mass m2 = 0.72± 0.11 M that we
obtain for this companion is in good agreement with the range of
0.2 − 1.2 M estimated by these authors. We note, however, that
due to its high brightness, the reliability of the GDR2 astrometric
solution of δCep is uncertain, and its PM vector may therefore
be biased. This companion mass should therefore be confirmed
using a more accurate PM vector from a future Gaia data release.
We list in Table 2 the results for all targets, but the shorter peri-
ods (. 1000 d) should be considered preliminary due to the PM
vector smearing over the Hipparcos and GDR2 observing win-
dows (Sect. 3.2.1). A histogram of the mass ratios q = m2/m1
is presented in Fig. 5 (left panel). We observe a high frequency
of relatively low-mass companions, with a median mass ratio
q = 0.4. This is consistent with the statistical estimates by Moe
& Di Stefano (2017) for CCs in binaries, which are based on
the observational results by Evans et al. (2013) and Evans et al.
(2015). The distribution of the masses as a function of the or-
bital semimajor axis is shown in Fig. 5 (right panel). The lim-
ited number of systems with a semimajor axis larger than 10 au
shows that the radial velocity technique has a higher sensitivity
to short orbital periods. For the same companion mass, the astro-
metric detection technique is more sensitive to long periods and
is therefore very complementary.
Selected properties of binary systems with CCs were com-
pared with the synthetic population of 30 000 solar metallicity
CCs in binaries, generated with the population synthesis code
StarTrack (Belczynski et al. 2002, 2008). The simulation con-
firms that the mass ratios (from less to more massive stars)
form a uniform distribution over the entire Cepheid mass range
(5 − 10 M), with an average mass ratio of 0.5. The distribution
of the companion masses as a function of the orbital semimajor
axis (Fig. 5) is in good agreement with the population synthesis
model; the model not only confirms that at separations up to 7 au
(1500R) the companions have masses smaller than 6 M, it also
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Table 2. Orbital parameters for Cepheid systems that have spectroscopic orbital parameters. The lower part of the table lists the Cepheids with
orbital periods shorter than 1000 days for which the orbital parameters and companion mass are poorly constrained (see Sect. 3.2.1). A null value
for the eccentricity e and the argument of periastron ω indicates that the spectroscopic orbit was assumed to be circular.
Target $ P?orb MJD
?
0 e
? ω? K?1 i Ω a a m
†
1 m2
(mas) (d) (◦) (km s−1) (◦) (◦) (au) (mas) (M) (M)
U Aql 3.630.96 18316.5 475758 0.1930.005 1672 8.40.04 6510 3455 5.640.22 20.475.47 5.200.78 1.940.29
FF Aql 1.840.11 14302.6 5829614 0.0610.007 3164 4.80.01 897 6110 4.470.19 8.220.59 5.000.75 0.830.12
V0496 Aql 0.970.05 10661.9 4548017 0 0 3.60.18 447 28330 3.830.17 3.720.25 5.700.85 0.890.13
RX Cam 0.810.04 11140.5 459312 0.4590.007 781 14.30.11 716 9119 4.210.15 3.410.21 5.400.81 2.610.39
delta Cep 3.390.05 22026.3 5565025 0.6740.038 2475 1.50.24 16314 8327 5.850.24 19.860.88 4.800.72 0.720.11
AX Cir 1.770.34 653225.0 4850060 0.1900.020 2318 10.00.50 1306 322 14.660.53 26.005.14 4.700.70 5.150.77
VZ Cyg 0.460.03 218310.0 4481036 0 0 3.00.16 1619 35628 6.180.22 2.870.20 4.600.69 2.000.30
V1334 Cyg 1.180.07 19382.1 4360614 0.1970.009 2263 14.10.10 1186 2086 6.180.22 7.290.49 4.600.69 3.800.57
T Mon 0.560.07 32449726.0 49300143 0.4140.013 2043 8.40.19 11917 8751 50.391.90 28.323.49 7.801.17 8.411.26
S Nor 1.090.04 358433.0 4563867 0 0 2.50.35 15423 3643 8.870.34 9.670.53 5.700.85 1.550.23
AW Per 1.070.06 13954181.0 5258028 0.4740.008 2501 10.30.08 426 5611 27.221.01 29.152.05 5.000.75 8.821.32
W Sgr 1.210.41 161611.0 5799220 0.1970.018 2886 1.60.01 1512 5920 5.010.21 6.052.08 5.300.79 1.120.17
V0350 Sgr 1.010.05 14720.2 505267 0.3520.001 2840 10.40.01 3512 30338 5.160.17 5.240.30 4.700.70 3.750.56
V0636 Sco 1.010.04 13230.0 344113 0.2500.001 2900 11.90.01 948 29214 4.590.18 4.610.27 5.100.76 2.250.34
U Vul 1.080.04 25102.8 4480016 0.6750.033 3534 3.60.44 1637 32036 7.150.25 7.740.39 5.400.81 2.350.35
Y Car 0.690.10 9932.0 4537213 0.3800.020 12917 8.90.30 15021 21438 3.730.14 2.570.40 4.200.63 2.820.42
YZ Car 0.350.03 8300.2 536045 0.0270.003 2722 10.20.01 8613 6037 3.570.13 1.250.12 6.901.03 1.930.29
SU Cas 2.150.08 4070.0 502786 0 0 1.00.08 4815 27517 1.650.07 3.540.21 3.500.53 0.110.02
BY Cas 0.510.04 5635.0 493845 0.2200.020 28810 9.11.00 3122 18851 2.550.09 1.300.10 4.500.67 2.440.37
DL Cas 0.450.03 6840.2 471612 0.3500.006 271 16.40.11 14181 31095 3.280.11 1.480.12 5.400.81 4.690.70
XX Cen 0.570.04 9241.1 448608 0 0 4.50.28 3813 16430 3.570.14 2.020.17 5.900.89 1.230.18
SU Cyg 1.200.05 5490.0 437661 0.3500.004 2241 29.80.15 987 10018 2.730.09 3.270.18 4.300.64 4.700.71
MW Cyg 0.730.04 4400.2 4886215 0.1400.030 7813 6.40.19 9420 23760 2.010.08 1.460.10 4.900.73 0.720.11
Z Lac 0.490.04 3830.1 4658222 0.0250.012 34421 10.40.10 9524 17380 2.000.08 0.970.09 5.900.89 1.340.20
S Mus 1.160.12 5060.2 485566 0.0860.004 1942 14.90.01 808 13670 2.480.09 2.880.31 5.700.85 2.240.34
S Sge 0.670.09 6760.0 480102 0.2380.005 2031 15.60.06 6016 2109 3.080.11 2.070.30 5.500.82 3.000.45
X Sgr 3.460.20 5740.6 4820819 0 0 2.30.27 4218 23636 2.400.12 8.320.63 5.200.78 0.430.06
FN Vel 0.240.04 4720.1 559362 0.2200.010 2661 21.90.08 9310 29522 2.360.08 0.560.09 4.800.72 3.100.47
Notes. ?: spectroscopic orbital elements.
References. The spectroscopic orbital elements were retrieved from the Szabados (2003b) database, based on the following references: Groenewe-
gen (2013) for V0496 Aql, VZ Cyg, MW Cyg, RX Cam, DL Cas; Anderson et al. (2015) for δ Cep; Groenewegen (2008) for SU Cas, XX Cen,
AX Cir, SU Cyg, Z Lac, T Mon, S Nor, S Sge, X Sgr, U Vul; Petterson et al. (2004) for Y Car; Griffin (2016) for AW Per; Gallenne et al. (2018b)
for U Aql, FF Aql, V1334 Cyg, S Mus, W Sgr, V0350 Sgr, V0636 Sco; Gorynya et al. (1995) for BY Cas; Anderson (2013)a for FN Vel; Anderson
et al. (2016a) for YZ Car.
a https://archive-ouverte.unige.ch/unige:35356
predicts more diverse companion masses (with the upper limit of
10 M) for larger separations. Within the synthetic population,
99% of all companions to CCs are MS stars, and only 1% of the
companions are giant stars. Among MS companions 75% have
spectral types B and A, which introduce a non-negligible photo-
metric contribution, particularly at short wavelengths. On aver-
age, the difference in magnitude between the binary system (CC
with companion) and the CC alone is as large as 0.375 mag in the
U-band, and decreases with increasing wavelength: 0.127 mag
(B), 0.053 mag (V), 0.037 mag (R), 0.028 mag (I), 0.022 mag
(J), 0.020 mag (K). The difference is larger for more massive
MS companions and, naturally, for companions with larger phys-
ical radii (giant stars), which in extreme cases can contribute as
much as 50% to the total luminosity of the system (Karczmarek
et al., in prep.).
When radial velocities are not available, we estimate upper
limits to the semimajor axis and orbital periods of the Cepheid
systems (see Table A.4). These parameters can be used to deter-
mine the feasibility of the search for companions using classical
imaging, adaptive optics, or interferometry.
3.5. PM anomalies of RR Lyrae
Table A.5 presents the results of our search for PMa in our sam-
ple of RRLs. Out of our list of 8509 RRLs, only 189 are present
in the Hipparcos catalog and therefore suitable for a PMa analy-
sis. These 189 stars gave five detections with a high ∆ > 5, and 8
stars with 3 < ∆ < 5 giving a minimum binary fraction for RRLs
of P = 7% (the known non-RRL stars were removed from this
count). In addition, 61 stars show suspected level PM anomalies
at 2 < ∆ < 3.
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Fig. 6. Left: Histogram of the RR Lyrae with detected proper motion
anomalies (∆ > 3) as a function of parallax. Right: Binary fraction as
a function of parallax. The error bars represent the binomial proportion
68% confidence interval.
Figure 6 shows the statistics of the sample of RRLs with de-
tected anomalies as a function of parallax. We do not include
in this plot the RRLs with resolved candidate companions (Pa-
per II). As was true for CCs, the fraction of detected PM anoma-
lies decreases with the parallax, due to the decreasing sensitiv-
ity of the search technique. For the nearest targets, the binary
fraction is approximately 0.4, which is probably a reasonable
approximation of the true mean binary fraction of our RRL sam-
ple.
TU UMa is the only RRL that has been convincingly shown
to be a member of a binary system (Szeidl et al. 1986; Kiss et al.
1995; Wade et al. 1999; Liška et al. 2016a). We observe a strong
GDR2 PMa at ∆G2 = 6.1 and also a significant Hipparcos PMa
∆Hip = 2.8 that confirms the presence of an orbiting compan-
ion. Adopting the spectroscopic orbital parameters determined
by Liška et al. (2016a) allows us to conduct a level 2 analysis
and determine its complete orbital parameters. The result is pre-
sented in Table 3. The mass that we obtain for the companion
(m2 = 1.98 ± 0.33 M) is high, and is due to the high inclination
of the retrograde orbit of the system. This may imply that the
companion of TU UMa is a massive white dwarf (a hypothesis
already proposed by Kiss et al. 1995 and Liška et al. 2016a) or
possibly a neutron star. Considering the old age of the RRL, a
white dwarf companion will be cool and difficult to detect by
imaging or interferometry, particularly as the angular separation
with the primary is only on the order of 10 mas. It is important
to note, however, that the PM vector from Hipparcos is impre-
cise for this star, with uncertainties larger than 1 mas a−1 on both
axes. The orbital parameters will improve with the future Gaia
data releases.
Estimates of the upper limits of the semimajor axes and or-
bital periods of a selected sample of RRLs are presented in Ta-
ble A.6. Most of the detected RRL binaries are likely on very
long-period orbits, with the exceptions of AT And, CZ Lac, and
AR Ser.
Table A.7 presents the results of the PMa analysis for the
stars that were incorrectly classified as CCs or RRLs.
4. Conclusion
We detected a significant number of new candidate companions
of CCs and RRLs from the signature of their orbital motion on
the proper motion vector of the targets. CCs have long been
Table 3. Parameters of the TU UMa system from the combined analysis
of the spectroscopic orbit of Liška et al. (2016a) (their Model 2) and the
proper motion anomaly vectors.
Adopted parameters
Parallax from GDR2 $ 1.592 ± 0.063 mas
Mass of RRL m1 0.6 ± 0.1 M
Parameters from Liška et al. (2016a)
Orbital period P 8499 ± 29 d
Eccentricity e 0.686 ± 0.025
Arg. of periastron ω 184 ± 2 deg
vr amplitude K1 5.2 ± 0.4 km s−1
vr at Hip epoch +0.33 ± 0.16 km s−1
vr at GDR2 epoch +0.83 ± 0.14 km s−1
PMa vectors
µHip [+0.2±1.1,+3.0±1.1] mas a−1
µG2 [+0.75±0.12,+0.30±0.14] mas a−1
Parameters from present analysis
Inclination i 160 ± 6 deg
Semimajor axis a 11.18 ± 0.51 au
Ang. semimajor axis θ 17.8 ± 1.1 mas
Long. of asc. node Ω 358 ± 23 deg
Mass of secondary m2 1.98 ± 0.33 M
known to have a high binary fraction, and our survey of nearby
CCs indicates that their binary fraction is likely above 80%; in
addition, there is a significant fraction of triple or quadruple sys-
tems (e.g., Polaris, U Aql, W Sgr, AW Per, δ Cep).
The very small number of known binaries in the RRL class
has long been a puzzle, but we detect significant PM anomalies
∆ > 3 for 7% of the 189 nearby RRLs that we surveyed, indicat-
ing that they are likely binaries. The massive companion of TU
UMa, likely a white dwarf, points at the possibility that a sig-
nificant fraction of RRL companions may be compact objects,
which complicates their detection.
The presence of PM anomalies is an efficient way to deter-
mine the binary status of a large number of stars, and provides
a valuable constraint on population synthesis models. The most
interesting candidates can easily be identified for further charac-
terization. In future Gaia data releases, the availability of time-
resolved dynamical PM and radial velocity measurements opens
the possibility, together with the parallax, of determining 3D lin-
ear velocity vectors of the photocenters of a massive number of
binary and multiple systems. This will allow us to improve our
understanding of their physical properties and of the role of bi-
narity in stellar evolution. The combination of the future Gaia
data releases with targeted spectroscopic observing campaigns
will enable the thorough characterization of a large number of
binary and multiple stars of all types with astrophysically inter-
esting properties, at a reasonable cost in observing time. This
will deeply improve our understanding of their physical proper-
ties and of the role of binarity in stellar evolution.
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Table A.1. Proper motion anomalies of Galactic Cepheids. $ is the GDR2 parallax (Sect. 2.3), except when marked with ∗ (Hipparcos; van
Leeuwen 2007) and + (Berdnikov et al. 2000, for RY Vel only). The PM vectors at the Hipparcos (µHip) and GDR2 (µG2) epochs are compared to
the mean PM computed using the Hipparcos and GDR2 positions (µHG). The observed differences are listed in terms of signal-to-noise ratio ∆Hip
and ∆G2. When the Arenou et al. (2018) quality parameters are not all satisfied, the star is marked with † after ∆G2 and when the RUWE % > 1.4
they are marked with ‡. The minimum ∆ anomaly is set to S/N=5 for a strong detection (?), S/N=3 for a detection (•) and S/N=2 for a suspected
binary (◦). The binary type as listed in the database by Szabados (2003b) is provided in the “Bin. type” column. The table is available at CDS.
Name Period $ µHG (mas a−1) µHip − µHG (mas a−1) ∆Hip µG2 − µHG (mas a−1) ∆G2 PM Bin.
(d) (mas) µα µδ µα µδ µα µδ bin. type
T Ant 5.90 0.32 −6.87 0.03 +6.06 0.04 −0.77 1.02 −0.01 1.05 0.8 −0.07 0.08 −0.07 0.09 1.1 -
U Aql 7.02 3.63∗ +1.00 0.03 −8.97 0.03 −1.99 0.92 −0.17 0.74 2.2 +1.01 0.20 −3.97 0.17 23.3 † ‡ ? O
SZ Aql 17.14 0.45 +0.32 0.05 −2.67 0.04 −0.10 1.13 +0.31 0.89 0.4 +0.01 0.11 +0.04 0.11 0.4 -
TT Aql 13.76 0.92 −0.43 0.05 −4.68 0.03 +1.60 1.50 +1.35 1.12 1.6 +0.20 0.12 +0.01 0.11 1.6 -
FF Aql 6.40 1.84 −0.14 0.01 −9.34 0.01 +0.58 0.27 +0.36 0.32 2.4 −0.87 0.17 −0.47 0.18 5.6 ? O
FM Aql 6.11 0.96 +0.31 0.04 −5.40 0.03 −1.93 1.15 +0.02 0.80 1.7 −0.00 0.12 +0.04 0.12 0.4 -
FN Aql 9.48 0.72 −1.70 0.04 −4.46 0.03 +2.57 1.02 −1.23 0.95 2.8 −0.07 0.13 −0.17 0.13 1.4 ◦ B
KL Aql 6.11 0.26 −1.55 0.04 −5.09 0.05 −1.13 1.31 −2.18 1.65 1.6 −0.13 0.09 −0.01 0.09 1.4 B
V0336 Aql 7.30 0.50 −0.12 0.05 −1.46 0.04 −1.25 1.27 +1.41 1.10 1.6 +0.06 0.13 +0.01 0.12 0.5
V0493 Aql 2.99 0.43 −1.63 0.09 −2.41 0.06 +0.78 2.62 −0.12 1.98 0.3 −0.04 0.14 +0.15 0.12 1.3
V0496 Aql 9.82 0.97 −0.20 0.03 −4.78 0.02 −1.14 0.79 +0.56 0.63 1.7 −0.39 0.11 −0.71 0.10 7.8 ?
V0600 Aql 7.24 0.58 +2.16 0.06 −1.63 0.05 +2.21 2.07 −0.78 1.44 1.2 +0.03 0.15 −0.14 0.13 1.1
V0733 Aql 6.18 0.33 +0.10 0.06 −4.36 0.05 −1.42 1.68 −0.83 1.63 1.0 +0.06 0.11 −0.04 0.10 0.7
V1162 Aql 5.38 0.77 +7.85 0.03 −10.81 0.03 +0.21 1.11 +0.84 1.14 0.8 −0.00 0.12 +0.04 0.09 0.5 -
eta Aql 7.18 2.64 +8.92 0.04 −8.17 0.04 −2.01 1.47 −0.04 1.04 1.4 −1.26 0.84 −0.67 0.79 1.7 ‡ B
V0340 Ara 20.81 0.28 −2.55 0.05 −6.72 0.06 +0.48 2.50 −0.13 2.07 0.2 −0.14 0.11 +0.02 0.11 1.3
Y Aur 3.86 0.55 −0.13 0.04 −1.89 0.04 +1.19 1.61 −1.06 0.91 1.4 +0.21 0.11 +0.02 0.10 1.9 -
RT Aur 3.73 1.45 −0.55 0.04 −13.63 0.03 −1.16 1.38 −2.10 0.85 2.6 +0.09 0.37 −0.16 0.33 0.6 † ‡ ◦ B:
RX Aur 11.62 0.57 +1.06 0.03 −2.95 0.02 +0.05 1.15 +1.00 0.66 1.5 +0.20 0.13 −0.15 0.11 2.2 ◦ B
SY Aur 10.14 0.34 +0.71 0.05 −0.20 0.03 −0.79 1.70 +0.40 0.94 0.6 +0.21 0.14 −0.21 0.10 2.5 ◦ -
YZ Aur 18.19 0.20 +0.27 0.07 −0.47 0.05 −4.79 2.38 +1.62 1.37 2.3 −0.16 0.12 −0.05 0.11 1.4 ◦ B
AN Aur 10.29 0.10 −0.53 0.06 −1.47 0.07 +3.10 2.81 +3.56 2.18 2.0 −0.03 0.14 −0.09 0.12 0.7
BK Aur 8.00 0.36 +0.19 0.04 −1.74 0.05 −5.99 1.91 +3.05 1.19 4.0 −0.09 0.11 −0.03 0.11 0.8 • -
RW Cam 16.41 1.53 −0.22 0.02 −0.70 0.04 −1.18 1.55 −3.35 1.57 2.3 −1.91 0.32 +1.94 0.28 9.3 ‡ ? B
RX Cam 7.91 0.81 −0.32 0.01 +0.36 0.03 −3.89 0.87 −0.67 1.01 4.5 −0.81 0.10 −0.73 0.09 11.5 ? O
CK Cam 3.29 1.30 +3.77 0.02 −3.89 0.03 +0.03 1.04 +0.56 0.81 0.7 +0.51 0.09 +0.86 0.09 11.5 ? -
RY CMa 4.68 0.65 −2.60 0.03 +1.92 0.02 −0.85 0.83 +1.25 0.71 2.0 −0.12 0.10 −0.03 0.10 1.2 ◦ B
RZ CMa 4.25 0.52 −1.65 0.03 +0.60 0.03 +0.95 1.20 −0.04 1.27 0.8 +0.19 0.10 +0.55 0.10 6.1 ? b
SS CMa 12.36 0.23 −5.84 0.03 +10.55 0.05 +0.63 0.86 −2.72 1.73 1.7 +0.01 0.09 +0.08 0.10 0.7 B
TV CMa 4.67 0.34 −0.59 0.06 +0.10 0.06 +0.01 1.61 −1.44 1.53 0.9 −0.10 0.11 +0.12 0.10 1.5 -
TW CMa 7.00 0.30 −2.06 0.03 +3.33 0.03 +1.38 1.06 +1.93 0.97 2.4 −0.07 0.10 −0.06 0.10 0.9 ◦ -
VZ CMa 4.45 0.54 −3.52 0.02 +3.38 0.05 +1.64 0.66 −1.29 1.56 2.6 +0.06 0.09 −0.11 0.10 1.3 ◦
U Car 38.80 0.51 −5.95 0.01 +2.36 0.02 +0.21 0.61 −0.47 0.55 0.9 −0.04 0.09 −0.06 0.09 0.8 † B
V Car 6.70 0.79 −3.98 0.01 +2.65 0.02 +0.88 0.69 +0.92 0.65 1.9 −0.03 0.09 −0.03 0.09 0.5 B
Y Car 3.64 0.69 −7.99 0.02 +3.37 0.03 +2.16 1.20 −0.16 0.92 1.8 −1.11 0.10 −0.94 0.10 14.8 ? O
SX Car 4.86 0.52 −6.46 0.03 +2.97 0.04 −0.79 1.37 −0.73 1.25 0.8 +0.10 0.10 +0.19 0.10 2.1 † ◦ -
UW Car 5.35 0.29 −6.07 0.02 +3.42 0.04 −0.34 0.92 +1.36 0.93 1.5 −1.25 0.09 +0.31 0.09 14.4 ? -
UX Car 3.68 0.59 −7.12 0.02 +2.41 0.03 +1.06 1.16 −1.45 1.03 1.7 +0.04 0.09 −0.01 0.09 0.5 -
UZ Car 5.20 0.40 −6.20 0.02 +2.82 0.03 +0.77 1.15 +1.70 0.94 1.9 −0.02 0.09 +0.10 0.09 1.1 † -
VY Car 18.91 0.54 −6.29 0.03 +2.58 0.05 +0.20 1.33 +0.48 1.25 0.4 +0.06 0.10 +0.04 0.10 0.8 B
WW Car 4.68 0.40 −5.74 0.02 +2.58 0.05 −1.06 1.51 −0.66 1.32 0.9 +0.17 0.09 +0.06 0.09 2.0 ◦ B
WZ Car 23.01 0.31 −5.97 0.02 +2.25 0.04 +0.99 1.22 −0.03 1.09 0.8 +0.00 0.09 +0.12 0.09 1.3 b
XX Car 15.72 0.29 −5.55 0.01 +2.54 0.03 +0.86 0.92 +0.22 0.80 1.0 −0.20 0.09 +0.05 0.09 2.4 ◦ B
XY Car 12.43 0.36 −5.25 0.01 +3.32 0.03 +1.22 0.88 +1.56 0.86 2.3 +0.07 0.09 −0.04 0.09 1.0 ◦ -
XZ Car 16.65 0.45 −7.32 0.02 +2.67 0.04 +1.89 1.67 −0.26 1.24 1.1 +0.03 0.09 −0.01 0.09 0.3 B
YZ Car 18.16 0.35 −6.81 0.02 +2.24 0.03 +1.16 0.99 +0.61 0.86 1.4 +0.17 0.09 +0.14 0.09 2.4 ◦ O
AQ Car 9.77 0.32 −6.30 0.02 +4.08 0.04 +0.23 1.13 +0.45 1.05 0.5 −0.08 0.09 +0.00 0.10 0.9 B
CN Car 4.93 0.39 −5.83 0.03 +2.57 0.05 +1.64 1.66 −0.45 1.40 1.0 −0.08 0.09 +0.03 0.10 0.9 -
CY Car 4.27 0.40 −5.89 0.02 +1.22 0.05 +1.25 1.52 −0.55 1.30 0.9 −0.00 0.09 +0.14 0.09 1.5 -
ER Car 7.72 0.82 −9.70 0.01 +2.46 0.02 +0.69 0.76 +0.20 0.54 1.0 −0.03 0.09 +0.02 0.09 0.4 -
EY Car 2.88 0.36 −6.56 0.03 +3.32 0.05 +0.19 1.80 +1.75 1.48 1.2 +0.31 0.09 −0.05 0.10 3.5 • B
FN Car 4.59 0.25 −7.78 0.04 +2.95 0.08 +1.01 2.72 −2.55 2.16 1.2 −0.11 0.09 +0.12 0.11 1.6 -
FR Car 10.72 0.33 −4.62 0.02 +1.57 0.04 +0.22 1.00 +0.30 0.94 0.4 −0.01 0.09 +0.06 0.09 0.7 B
GH Car 8.23 0.38 −6.73 0.02 +2.12 0.03 −1.66 0.98 +1.78 0.79 2.8 −0.01 0.09 +0.08 0.09 0.9 ◦ B
GI Car 6.34 0.33 −8.06 0.01 +1.83 0.03 +0.63 0.76 +0.89 0.74 1.4 −0.03 0.09 −0.13 0.09 1.5 b
GX Car 7.20 0.38 −5.66 0.02 +3.18 0.04 +1.48 1.01 −0.35 1.05 1.5 +0.16 0.09 −0.37 0.10 4.2 • -
HW Car 9.20 0.36 −6.12 0.02 +2.61 0.03 +1.11 1.00 +1.03 0.81 1.7 −0.07 0.09 +0.04 0.09 0.9 -
IT Car 7.53 0.73 −7.14 0.01 +1.54 0.02 +0.14 0.70 +0.64 0.61 1.1 +0.04 0.09 +0.30 0.09 3.4 • -
v* L Car 35.54 0.81 −12.65 0.01 +8.06 0.01 −0.23 0.28 +0.13 0.27 0.9 +0.69 0.52 +0.57 0.53 1.7 † ‡
RS Cas 6.30 0.62 −1.54 0.02 −0.87 0.04 −0.38 1.17 −0.06 0.94 0.3 +0.04 0.09 −0.02 0.10 0.5 -
RW Cas 14.79 0.37 −0.90 0.03 −0.98 0.04 +0.37 1.15 −2.72 1.13 2.4 −0.04 0.10 +0.01 0.12 0.4 ◦ -
RY Cas 12.14 0.35 −3.10 0.02 −1.00 0.03 +1.86 1.08 −2.57 1.00 3.1 +0.05 0.09 −0.11 0.09 1.3 • V
SU Cas 1.95 2.15 +2.60 0.00 −7.38 0.01 −1.04 0.25 +0.10 0.35 4.2 +0.51 0.11 −0.44 0.14 5.6 † ‡ ? O
SW Cas 5.44 0.44 −3.39 0.03 −2.57 0.04 −2.38 1.42 −3.10 1.22 3.0 −0.03 0.09 −0.02 0.09 0.4 • -
SY Cas 4.07 0.43 −2.33 0.02 −2.21 0.04 −1.58 1.23 +0.39 1.20 1.3 +0.14 0.09 +0.22 0.09 3.0 ◦ B
SZ Cas 19.87 0.39 +0.27 0.03 −0.64 0.04 −0.69 2.00 +0.03 1.53 0.3 −0.17 0.12 −0.08 0.12 1.6 -
UZ Cas 4.26 0.18 −1.92 0.03 −1.16 0.07 −0.23 1.95 −3.26 1.87 1.7 −0.14 0.09 +0.08 0.11 1.8 -
VV Cas 6.21 0.36 −1.59 0.04 +0.25 0.07 +4.17 2.69 −4.09 2.14 2.5 +0.30 0.09 −0.38 0.12 4.8 • -
VW Cas 5.99 0.27 −0.93 0.02 −0.87 0.05 −0.57 1.45 +0.57 1.36 0.6 −0.07 0.08 −0.01 0.10 0.9 -
XY Cas 4.50 0.43 −1.58 0.02 −0.98 0.05 +0.49 1.41 +1.58 1.21 1.3 +0.10 0.08 +0.00 0.10 1.2 -
BP Cas 6.27 0.40 −0.50 0.03 −0.25 0.06 −1.07 2.02 −0.45 1.87 0.6 −0.06 0.08 +0.26 0.10 2.6 ◦ -
BY Cas 4.59 0.51 −0.51 0.03 −0.76 0.06 +1.91 1.90 +1.32 1.84 1.2 −0.80 0.09 +1.12 0.11 13.9 ? OV
CD Cas 7.80 0.41 −2.30 0.02 −1.66 0.05 +3.62 1.77 +0.52 1.38 2.1 −0.05 0.09 +0.07 0.10 1.0 ◦
CF Cas 4.88 0.32 −3.30 0.04 −1.67 0.07 +3.00 2.36 −0.38 1.82 1.3 +0.17 0.09 −0.20 0.11 2.6 ◦ -
CH Cas 15.09 0.30 −3.21 0.02 −1.81 0.06 −1.78 1.75 −1.32 1.86 1.2 −0.10 0.09 −0.02 0.10 1.1 -
CY Cas 14.38 0.27 −3.14 0.04 −1.59 0.08 +3.76 2.59 +1.59 2.33 1.6 −0.06 0.09 −0.02 0.11 0.7 -
DD Cas 9.81 0.25 −1.81 0.02 −1.21 0.03 −0.19 1.07 +1.02 0.94 1.1 +0.04 0.09 +0.01 0.09 0.5 b
Notes. The binary type is indicated using this code: B - spectroscopic binary (: when confirmation is needed); b - photometric companion, physical
relation should be investigated; O - spectroscopic binary with known orbit; V - visual binary.
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Table A.2. Continued from Table A.1.
Name Period $ µHG (mas a−1) µHip − µHG (mas a−1) ∆Hip µG2 − µHG (mas a−1) ∆G2 PM Bin.
(d) (mas) µα µδ µα µδ µα µδ bin. type
DF Cas 3.83 0.34 −0.26 0.06 −0.18 0.11 −1.15 4.72 +1.86 4.97 0.4 −0.29 0.10 −0.07 0.14 2.9 ◦ -
DL Cas 8.00 0.45 −2.67 0.02 −1.17 0.03 +0.25 1.08 −0.04 0.76 0.2 +0.04 0.09 −0.40 0.09 4.5 • O
DW Cas 5.00 0.38 −2.65 0.03 −1.56 0.06 −1.09 1.80 +0.74 1.83 0.7 −0.09 0.09 −0.20 0.10 2.3 ◦ -
FM Cas 5.81 0.39 −2.09 0.02 −1.58 0.04 +1.40 1.43 −1.70 1.15 1.8 +0.02 0.09 −0.01 0.09 0.3 -
V0636 Cas 12.12 1.33 −0.61 0.01 −0.14 0.02 +0.07 0.39 +0.17 0.47 0.4 +0.07 0.08 −0.07 0.09 1.2
V Cen 5.49 1.37 −6.75 0.02 −7.05 0.02 −0.39 0.93 −0.43 0.66 0.8 +0.25 0.11 +0.05 0.11 2.4 ◦ -
VW Cen 15.04 0.25 −5.92 0.02 −1.25 0.06 −1.59 1.56 −1.76 1.67 1.5 −0.10 0.08 +0.08 0.10 1.5 B
XX Cen 10.95 0.57 −3.60 0.02 −1.28 0.03 −0.31 0.83 +1.47 0.79 1.9 −0.51 0.10 +0.21 0.11 5.6 ? O
AY Cen 5.31 0.58 −6.68 0.02 +2.08 0.04 −0.41 1.13 −0.35 1.16 0.5 −0.07 0.09 +0.04 0.09 0.9 -
AZ Cen 4.57 0.45 −7.21 0.02 +2.40 0.03 +0.10 1.02 +0.76 1.04 0.7 +0.00 0.09 −0.10 0.09 1.1 -
BB Cen 5.71 0.26 −6.50 0.02 +0.98 0.04 +2.41 1.40 −0.30 1.18 1.7 +0.10 0.08 +0.09 0.09 1.6 -
KK Cen 12.18 0.13 −6.33 0.05 +1.66 0.10 +2.16 2.96 −0.16 2.64 0.7 −0.13 0.10 +0.17 0.13 1.8 -
KN Cen 34.05 0.22 −6.92 0.02 −1.29 0.05 −1.30 1.28 −2.21 1.25 2.0 +0.12 0.08 +0.06 0.10 1.5 ◦ B
V0339 Cen 9.47 0.52 −4.31 0.02 −7.53 0.03 +3.30 1.14 +1.78 1.08 3.3 +0.04 0.08 −0.06 0.10 0.8 † •
V0378 Cen 9.31 0.59 −5.70 0.01 −2.31 0.03 +1.52 0.85 +0.97 0.91 2.1 +0.07 0.08 +0.03 0.09 0.9 ◦
V0381 Cen 5.08 0.87 −5.70 0.02 −1.75 0.03 +1.16 0.82 +0.14 0.65 1.4 −0.18 0.09 +0.02 0.09 1.9
V0419 Cen 7.91 0.36 −6.20 0.01 +2.27 0.03 +0.09 0.89 +0.75 0.75 1.0 −0.02 0.10 −0.23 0.10 2.3 ◦
V0496 Cen 4.42 0.48 −3.55 0.02 −0.59 0.04 −0.55 1.17 +0.69 1.04 0.8 +0.04 0.08 −0.07 0.09 0.9
V0659 Cen 5.62 0.51 −5.80 0.01 −2.03 0.02 +1.07 0.45 +0.69 0.52 2.7 −0.20 0.18 +0.27 0.22 1.6 ‡ ◦
V0737 Cen 7.07 1.04 −2.18 0.01 −3.69 0.02 −0.38 0.55 +0.44 0.55 1.1 −0.18 0.08 +0.14 0.09 2.7 ◦
AK Cep 7.23 0.29 −3.31 0.05 −2.69 0.08 −1.28 3.19 +0.79 2.85 0.5 +0.17 0.11 +0.03 0.12 1.6
CP Cep 17.86 0.32 −4.00 0.02 −3.36 0.04 +2.76 1.06 +2.06 1.09 3.2 +0.07 0.09 +0.06 0.10 1.1 • b
CR Cep 6.23 0.71 −4.22 0.02 −2.97 0.03 +0.67 1.28 +0.53 1.08 0.7 +0.09 0.09 −0.13 0.09 1.7 -
IR Cep 2.11 1.16 −5.35 0.01 −3.52 0.01 +0.48 0.46 +0.03 0.43 1.0 −0.04 0.09 +0.05 0.09 0.7 V
delta Cep 5.37 3.39 +14.07 0.01 +2.70 0.02 +1.28 0.23 +0.82 0.19 7.0 +3.57 0.82 +1.27 0.73 4.7 † ‡ ? B
AV Cir 3.07 1.04 −3.31 0.01 −2.19 0.02 +1.18 0.53 +1.54 0.68 3.2 −0.11 0.08 −0.03 0.09 1.4 • V
AX Cir 5.27 1.77 −7.66 0.01 −6.34 0.03 −2.76 0.56 +0.97 0.71 5.1 +2.77 0.45 +1.25 0.52 6.6 † ‡ ? OV
BP Cir 2.40 1.02 −5.39 0.01 −3.91 0.02 −0.33 0.66 −0.03 0.56 0.5 −0.07 0.09 +0.02 0.10 0.8 B
R Cru 5.83 1.98∗ −10.06 0.01 −0.76 0.02 −0.50 0.52 −0.31 0.51 1.1 +0.59 0.34 +0.43 0.32 2.2 † ‡ ◦ B
S Cru 4.69 1.05 −9.65 0.01 −3.85 0.02 +0.32 0.60 +0.36 0.60 0.8 +0.10 0.09 −0.05 0.09 1.2 -
T Cru 6.73 1.17 −11.23 0.01 −0.53 0.01 +0.80 0.43 +0.09 0.41 1.9 +0.28 0.08 −0.01 0.08 3.4 • B
SU Cru 12.85 4.41∗ +19.36 0.17 −1.52 0.13 +19.34 11.27 −18.46 3.58 5.4 −17.34 2.34 +0.07 1.73 7.4 † ‡ ? BV
AD Cru 6.40 0.32 −5.47 0.03 +0.41 0.07 −2.10 2.14 +0.91 2.04 1.1 +0.05 0.10 +0.15 0.11 1.4
BG Cru 4.76 1.81 −12.76 0.00 −3.93 0.01 −0.08 0.26 +0.54 0.22 2.5 +0.00 0.14 −0.08 0.13 0.6 ◦ B
X Cyg 16.39 0.93 −6.89 0.01 −4.77 0.02 +0.10 0.42 +1.40 0.47 3.0 +0.14 0.08 −0.37 0.08 4.8 † • -
SU Cyg 3.85 1.20 +0.05 0.02 −3.00 0.03 +0.21 0.56 −0.86 0.85 1.1 −1.84 0.12 −0.28 0.11 15.9 ‡ ? O
SZ Cyg 15.11 0.39 −2.17 0.02 −5.50 0.03 −0.78 1.07 −0.58 0.87 1.0 −0.03 0.09 −0.05 0.09 0.7 B
TX Cyg 14.71 0.81 −0.96 0.02 −1.99 0.03 +0.53 0.91 −0.64 1.04 0.8 +0.03 0.10 −0.28 0.10 2.8 ◦ -
VX Cyg 20.13 0.38 −1.90 0.03 −3.67 0.05 +0.26 1.09 +1.54 1.38 1.1 +0.04 0.09 −0.03 0.10 0.5 -
VY Cyg 7.86 0.48 −2.72 0.02 −4.21 0.04 −0.10 0.88 −0.25 1.07 0.3 −0.12 0.09 +0.02 0.09 1.5 -
VZ Cyg 4.86 0.46 −3.52 0.02 −3.81 0.03 −0.53 0.84 −1.59 0.82 2.0 −0.40 0.09 +0.26 0.09 5.5 ? O
CD Cyg 17.07 0.41 −2.02 0.03 −5.65 0.03 +0.48 1.01 −0.01 1.04 0.5 +0.08 0.09 −0.04 0.09 1.0 B
DT Cyg 3.54 1.74 +3.68 0.01 −4.94 0.01 +0.57 0.26 −0.08 0.25 2.2 −0.00 0.10 −0.28 0.11 2.4 ◦ -
GH Cyg 7.82 0.43 −2.60 0.03 −4.90 0.05 −0.00 1.14 −1.51 1.28 1.2 +0.15 0.09 −0.14 0.10 2.2 ◦ -
MW Cyg 5.95 0.73 −3.33 0.03 −5.19 0.03 −1.68 0.96 −1.00 0.89 2.1 −0.13 0.09 −0.05 0.10 1.5 ◦ O
V0386 Cyg 5.26 0.93 −1.00 0.02 −2.23 0.04 +0.34 0.98 +0.62 1.06 0.7 +0.14 0.09 +0.06 0.10 1.7
V0402 Cyg 4.36 0.43 −2.51 0.03 −3.84 0.04 +0.30 1.09 +0.41 1.12 0.5 +0.02 0.09 +0.11 0.10 1.2
V0459 Cyg 7.25 0.42 −2.71 0.03 −3.22 0.05 +3.67 1.72 +0.93 1.27 2.3 +0.04 0.09 −0.06 0.10 0.8 ◦
V0495 Cyg 6.72 0.46 −2.90 0.03 −5.84 0.05 −1.14 1.07 +1.34 1.13 1.6 −0.08 0.09 −0.18 0.10 2.0 ◦
V0520 Cyg 4.05 0.56 −2.40 0.04 −3.10 0.07 +1.94 1.76 +0.09 2.17 1.1 +0.36 0.10 −0.06 0.11 3.8 •
V0532 Cyg 4.68 0.59 −3.46 0.02 −3.61 0.02 −0.67 0.78 −0.42 0.75 1.0 +0.06 0.09 −0.04 0.09 0.8
V0538 Cyg 6.12 0.45 −2.99 0.03 −2.94 0.06 −1.94 1.42 −1.66 1.77 1.7 +0.08 0.12 +0.07 0.13 0.9
V0924 Cyg 8.01 0.08 −3.50 0.04 −4.50 0.05 +1.29 1.29 −0.72 1.49 1.1 −0.01 0.09 +0.04 0.10 0.4
V1154 Cyg 4.93 0.44 −1.54 0.02 −3.67 0.03 +0.64 0.83 +1.46 1.12 1.5 +0.00 0.08 −0.06 0.09 0.6 -
V1334 Cyg 4.75 1.18 +0.87 0.01 −2.55 0.01 −1.36 0.29 +0.26 0.33 4.8 +2.90 0.12 +2.73 0.13 31.1 ? O
beta Dor 9.84 3.14 −0.56 0.01 +12.54 0.02 +1.35 0.38 +0.20 0.46 3.6 +1.49 0.55 −3.01 0.56 6.1 ‡ ? -
W Gem 7.91 0.91 −0.93 0.04 −2.38 0.03 +1.16 1.17 +0.49 0.79 1.2 +0.06 0.11 −0.05 0.10 0.7 -
RZ Gem 5.53 0.28 −0.93 0.07 −0.83 0.05 +3.31 2.54 −4.49 1.38 3.5 +0.07 0.15 −0.32 0.13 2.6 ‡ • B
AA Gem 11.30 0.22 −0.13 0.08 −0.53 0.05 +2.30 2.73 −0.32 1.45 0.9 +0.04 0.13 −0.26 0.11 2.4 ◦ B
AD Gem 3.79 0.12 −0.54 0.05 −1.14 0.04 −0.42 1.79 +2.44 1.35 1.8 +0.06 0.12 −0.02 0.10 0.5 B
BB Gem 2.31 0.23 −1.01 0.12 −0.71 0.10 +10.62 4.76 +3.04 2.83 2.5 +0.16 0.16 −0.03 0.14 1.0 ◦ -
DX Gem 4.46 0.22 +0.22 0.08 −2.86 0.05 +2.02 2.11 +0.89 1.45 1.1 −0.37 0.13 +0.01 0.11 2.8 ◦ B
zeta Gem 10.15 2.28 −7.32 0.02 −0.73 0.01 +0.03 0.49 +0.32 0.33 1.0 +0.98 0.59 −0.86 0.53 2.3 † ◦ V
BB Her 7.51 0.26 −4.05 0.06 −10.19 0.05 +1.35 2.38 −0.55 1.93 0.6 −0.12 0.12 −0.02 0.12 1.0 -
V Lac 4.98 0.47 −3.31 0.02 −1.49 0.03 +1.09 1.14 −0.15 0.94 1.0 −0.05 0.09 +0.09 0.10 1.0 -
X Lac 5.44 0.52 −3.30 0.01 −1.47 0.02 −0.75 0.77 −0.05 0.60 1.0 +0.03 0.09 −0.09 0.09 1.0 B
Y Lac 4.32 0.43 −3.10 0.04 −2.74 0.06 +0.28 1.75 −1.05 1.34 0.8 +0.08 0.10 +0.01 0.11 0.9 B
Z Lac 10.89 0.49 −3.97 0.02 −2.69 0.03 +0.06 1.14 +0.21 0.86 0.2 +0.04 0.09 −0.15 0.10 1.5 † O
RR Lac 6.42 0.35 −3.75 0.02 −3.25 0.03 +0.09 1.22 +1.11 0.91 1.2 +0.10 0.09 +0.04 0.09 1.2 B
BG Lac 5.33 0.54 −3.44 0.03 −3.87 0.03 −2.13 0.97 +0.66 0.84 2.3 −0.19 0.09 −0.15 0.10 2.6 ◦ B
GH Lup 9.28 0.87 −1.36 0.01 −2.23 0.02 +1.30 0.65 −0.82 0.60 2.4 −0.08 0.12 +0.01 0.10 0.6 ◦ B
T Mon 27.02 0.56 +0.76 0.03 −2.80 0.02 +0.64 0.64 +0.79 0.49 1.9 +0.03 0.13 −0.29 0.12 2.6 ‡ ◦ O
SV Mon 15.23 0.30 +0.66 0.08 −1.78 0.06 −0.72 1.94 +0.55 1.49 0.5 −0.07 0.14 +0.09 0.13 0.8 -
TX Mon 8.70 0.23 −0.55 0.12 −0.21 0.09 +4.62 2.89 −1.38 2.66 1.7 −0.55 0.16 +0.05 0.13 3.5 • B
TZ Mon 7.43 0.22 −0.26 0.08 −0.32 0.05 −0.51 2.19 −0.66 1.71 0.5 +0.06 0.12 +0.11 0.10 1.2 B
AC Mon 8.01 0.30 −2.32 0.08 +2.10 0.06 +0.88 2.34 +1.27 1.91 0.8 +0.09 0.12 −0.18 0.11 1.7 B
BE Mon 2.71 0.44 −0.51 0.09 +1.19 0.06 +1.69 2.08 −1.07 1.62 1.0 −0.14 0.15 +0.06 0.13 1.0 -
CV Mon 5.38 0.51 +0.35 0.08 −0.90 0.06 −4.94 2.54 −3.19 1.72 2.7 +0.08 0.13 +0.21 0.11 2.0 ◦ b
EK Mon 3.96 0.33 −1.06 0.11 −0.16 0.07 +0.55 2.76 −0.23 2.49 0.2 +0.07 0.15 +0.05 0.13 0.6 -
V0465 Mon 2.71 0.26 −0.74 0.07 +0.55 0.04 +0.70 2.06 −1.44 1.44 1.1 −0.22 0.14 +0.36 0.13 3.2 •
V0508 Mon 4.13 0.15 −0.03 0.07 +0.82 0.04 +0.03 1.71 +1.75 1.45 1.2 +0.02 0.14 +0.09 0.12 0.7
V0526 Mon 3.80 0.45 −3.30 0.03 +2.00 0.02 −0.35 0.96 +0.63 0.64 1.0 −0.14 0.11 −0.18 0.10 2.2 ◦
R Mus 7.51 1.03 −4.52 0.01 −1.95 0.02 −0.33 0.55 −0.01 0.43 0.6 +0.26 0.08 −0.08 0.08 3.3 • B
S Mus 9.66 1.16 −7.70 0.01 −1.29 0.03 −0.09 0.97 +0.69 0.79 0.9 −0.39 0.21 −0.27 0.20 2.4 ‡ ◦ O
RT Mus 3.09 0.71 −6.83 0.02 −1.04 0.04 −0.54 1.26 −0.54 1.15 0.6 +0.02 0.09 +0.22 0.10 2.3 ◦ B
UU Mus 11.64 0.29 −6.01 0.02 +0.45 0.04 +1.53 1.16 +0.37 1.12 1.4 +0.04 0.08 −0.01 0.09 0.4 -
S Nor 9.75 1.09 −1.73 0.01 −2.32 0.02 +1.80 0.92 +2.36 0.73 3.8 +0.21 0.10 +0.01 0.09 2.2 • O
U Nor 12.64 0.64 −2.19 0.03 −2.76 0.04 −2.68 1.43 +1.32 1.54 2.1 +0.18 0.12 −0.03 0.12 1.5 ◦ -
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Table A.3. Continued from Table A.2.
Name Period $ µHG (mas a−1) µHip − µHG (mas a−1) ∆Hip µG2 − µHG (mas a−1) ∆G2 PM Bin.
(d) (mas) µα µδ µα µδ µα µδ bin. type
RS Nor 6.20 0.45 −2.17 0.03 −3.52 0.04 +2.30 1.80 +1.71 1.48 1.7 −0.04 0.10 +0.07 0.10 0.8 -
SY Nor 12.65 0.43 −2.16 0.04 −2.18 0.07 −3.27 2.34 +1.30 2.58 1.5 +0.79 0.10 +0.08 0.11 8.0 ? B
TW Nor 10.79 0.38 −2.09 0.11 −2.71 0.12 −6.52 5.40 −5.88 4.16 1.9 −0.19 0.15 −0.14 0.16 1.5 -
GU Nor 3.45 0.58 −1.17 0.05 −2.43 0.06 −3.85 2.80 −0.90 2.19 1.4 −0.17 0.10 −0.06 0.10 1.7 -
Y Oph 17.12 1.39 −3.15 0.03 −4.65 0.02 +0.67 0.83 +0.62 0.62 1.3 −0.06 0.15 −0.08 0.13 0.7 O
BF Oph 4.07 1.21 +0.35 0.03 −0.39 0.02 −0.33 1.15 +0.11 0.62 0.3 +0.02 0.13 +0.17 0.10 1.7 B
RS Ori 7.57 0.56 +0.10 0.07 +0.08 0.06 −0.33 2.56 −0.18 1.69 0.2 +0.04 0.15 +0.15 0.14 1.1 B
CS Ori 3.89 0.29 +0.48 0.12 +0.38 0.08 +1.40 4.17 +0.85 2.30 0.5 +0.30 0.16 −0.22 0.13 2.5 ◦ B
AU Peg 2.41 1.70 −2.49 0.03 −12.98 0.03 +1.69 1.17 +0.02 0.76 1.4 −0.20 0.10 −0.05 0.11 2.0
SV Per 11.13 0.06 +0.62 0.05 −2.16 0.06 −0.91 2.66 +2.47 1.75 1.5 +4.77 0.42 +0.48 0.33 11.5 ‡ ? B
SX Per 4.29 0.26 +0.57 0.07 −1.25 0.06 −6.78 3.03 −3.50 2.38 2.7 −0.07 0.13 +0.02 0.10 0.6 ◦ -
UX Per 4.57 0.26 −1.48 0.13 −0.64 0.24 +20.87 8.28 +8.29 9.17 2.7 +1.12 0.17 +0.65 0.26 7.2 ? BV
VX Per 10.89 0.36 −0.29 0.02 −1.28 0.04 −1.42 1.29 −2.13 1.13 2.2 +0.14 0.09 −0.01 0.10 1.5 ◦ -
AS Per 4.97 0.55 +0.23 0.03 −2.64 0.03 +0.11 1.47 −0.79 1.09 0.7 +0.05 0.10 +0.26 0.09 3.0 • -
AW Per 6.46 1.07 −0.26 0.03 −3.38 0.02 +2.83 0.79 +0.77 0.64 3.8 +0.55 0.13 +2.08 0.10 21.4 † ? O
V0440 Per 10.94 0.91 −2.03 0.01 −2.47 0.01 +0.66 0.49 −0.13 0.39 1.4 +0.10 0.11 +0.01 0.11 0.9
X Pup 25.96 0.33 −1.23 0.03 +1.78 0.04 +1.61 1.28 +0.14 1.33 1.3 +0.02 0.09 −0.06 0.10 0.6 B
RS Pup 41.39 0.61 −3.55 0.01 +3.08 0.02 +0.36 0.49 −0.75 0.65 1.4 +0.09 0.08 −0.12 0.09 1.8 -
VW Pup 4.29 0.20 −2.15 0.06 +2.30 0.08 −0.49 2.29 +0.45 2.62 0.3 +0.10 0.10 −0.01 0.11 1.0 B
VZ Pup 23.17 0.17 −1.40 0.03 +2.27 0.04 +0.41 0.96 +0.25 1.12 0.5 +0.08 0.09 +0.03 0.09 1.0 -
WW Pup 5.52 0.16 −2.27 0.05 +3.03 0.05 +0.16 1.51 −1.25 1.37 0.9 −0.06 0.10 +0.07 0.10 0.9 -
WX Pup 8.94 0.36 −2.27 0.03 +2.43 0.04 −0.24 0.81 −0.18 1.30 0.3 +0.20 0.09 +0.16 0.10 2.7 ◦ -
WY Pup 5.25 0.19 −2.36 0.05 +2.31 0.06 −2.42 1.60 +1.51 1.57 1.8 −0.03 0.09 −0.17 0.10 1.7 -
WZ Pup 5.03 0.19 −2.37 0.05 +2.44 0.05 +0.59 1.49 +0.41 1.26 0.5 +0.10 0.09 +0.01 0.09 1.0 -
AD Pup 13.59 0.15 −2.37 0.03 +2.94 0.05 +0.44 0.80 +1.65 1.52 1.2 −0.06 0.09 +0.16 0.10 1.7 B
AP Pup 5.08 0.83 −6.22 0.02 +5.04 0.02 +0.45 0.56 −0.29 0.66 0.9 +0.12 0.09 −0.68 0.11 6.6 † ? B
AQ Pup 30.10 0.32 −2.64 0.08 +2.80 0.14 +4.32 2.32 +2.22 2.34 2.1 +0.07 0.11 −0.23 0.16 1.5 ◦ B
AT Pup 6.67 0.60 −4.45 0.02 +3.97 0.03 −0.02 0.66 −0.92 0.71 1.3 −0.05 0.09 −0.10 0.09 1.3 B
BN Pup 13.67 0.18 −1.64 0.03 +2.33 0.05 +0.95 1.31 −2.02 1.45 1.6 +0.22 0.09 −0.02 0.10 2.5 ◦ -
EK Pup 3.73 0.24 −2.43 0.04 +3.99 0.05 +0.82 1.31 −3.15 1.82 1.8 +0.07 0.09 +0.10 0.10 1.2 -
LS Pup 14.15 0.18 −2.27 0.05 +3.56 0.08 +1.36 1.75 −1.91 1.96 1.2 −0.24 0.10 −0.19 0.11 3.0 ◦ B
MY Pup 8.19 1.29 −3.85 0.01 +5.64 0.01 +0.29 0.22 −0.57 0.23 2.8 −0.14 0.14 −0.23 0.14 1.9 ◦ -
S Sge 8.38 0.67 −0.01 0.02 −7.61 0.02 +1.02 0.56 −0.00 0.43 1.8 +1.83 0.14 +2.05 0.13 20.0 † ‡ ? O
U Sgr 6.75 1.49 −1.76 0.03 −6.15 0.02 −1.40 1.03 −0.33 0.72 1.4 +0.09 0.11 +0.02 0.10 0.8 B
W Sgr 7.60 1.21 +5.04 0.04 −4.90 0.03 −2.42 1.30 −0.38 0.66 1.9 −0.70 0.59 −0.95 0.44 2.5 ‡ ◦ O
X Sgr 7.01 3.46 −4.85 0.01 −10.50 0.01 +0.77 0.33 +0.45 0.24 3.0 −0.27 0.35 +0.70 0.28 2.6 • O
Y Sgr 5.77 2.64∗ −3.31 0.02 −7.27 0.01 +0.19 0.46 +0.26 0.29 1.0 +0.12 0.37 −0.86 0.29 3.0 † ‡ ◦ B
WZ Sgr 21.85 0.54 +1.13 0.04 −0.25 0.03 −0.24 1.40 +2.50 0.82 3.0 +0.01 0.14 −0.09 0.12 0.8 • B
XX Sgr 6.42 0.73 −0.35 0.06 −0.61 0.04 +4.16 2.50 −1.77 1.90 1.9 +0.30 0.13 +0.13 0.12 2.5 ◦ B
YZ Sgr 9.55 0.80 −0.05 0.04 −3.34 0.02 +2.82 1.67 +0.24 0.89 1.7 +0.32 0.14 −0.08 0.12 2.4 ◦ B
AP Sgr 5.06 1.15 +1.15 0.04 −4.02 0.03 +0.51 1.84 −2.11 1.00 2.1 −0.27 0.18 +0.17 0.15 1.9 ◦ B
AY Sgr 6.57 0.50 +0.57 0.10 +0.01 0.07 +2.43 3.61 +3.50 2.47 1.6 −0.04 0.15 +0.30 0.13 2.4 ◦ B
BB Sgr 6.64 1.28 +0.38 0.03 −5.06 0.02 −0.90 1.03 +0.20 0.67 0.9 −0.07 0.13 −0.19 0.12 1.7 B
V0350 Sgr 5.15 1.01 −1.18 0.04 −3.53 0.03 +2.58 1.94 −0.87 1.09 1.6 +0.91 0.12 +0.42 0.11 8.7 ?
RV Sco 6.06 1.16 +1.75 0.03 −5.48 0.02 +2.52 0.95 −0.50 0.62 2.8 +0.21 0.12 −0.90 0.09 9.7 ? B
RY Sco 20.31 0.83 +1.46 0.13 −1.35 0.09 −2.17 4.05 −0.98 2.63 0.7 −0.49 0.30 −0.21 0.20 2.0 V
KQ Sco 28.69 0.53 −1.35 0.06 −2.45 0.07 +2.92 2.90 +2.05 1.88 1.5 −0.07 0.13 +0.17 0.12 1.5 -
V0482 Sco 4.53 0.95 +0.20 0.04 −2.84 0.03 +0.05 1.72 +0.98 1.17 0.8 +0.07 0.12 −0.11 0.10 1.2
V0500 Sco 9.32 0.73 +1.88 0.05 −1.67 0.04 +1.08 1.99 −0.33 1.36 0.6 +0.07 0.14 +0.11 0.12 1.1
V0636 Sco 6.80 1.01 −1.49 0.02 −2.98 0.02 −1.56 1.03 +0.58 0.39 2.1 −1.08 0.11 +0.59 0.09 11.9 ?
V0950 Sco 4.82 0.87 −0.56 0.02 −1.82 0.02 +0.26 0.83 +0.26 0.54 0.6 +0.08 0.12 +0.16 0.11 1.6
X Sct 4.20 0.53 +0.17 0.05 −2.18 0.04 +1.56 1.44 −2.65 1.12 2.6 −0.18 0.14 −0.06 0.12 1.4 ◦ b
Y Sct 10.34 0.46 −0.91 0.06 −2.89 0.04 +1.94 1.73 +0.69 1.30 1.2 +0.23 0.13 −0.19 0.11 2.4 ◦ b
Z Sct 12.90 0.44 −0.41 0.05 −2.17 0.03 −0.24 1.35 +0.85 1.04 0.8 +0.02 0.12 −0.12 0.11 1.2 -
RU Sct 19.70 0.46 +0.14 0.09 −0.60 0.05 +0.85 2.62 −2.05 1.80 1.2 +0.13 0.16 −0.25 0.13 2.2 ◦ B
SS Sct 3.67 0.94 +1.88 0.04 +1.27 0.02 +0.29 1.02 +1.60 0.79 2.0 −0.18 0.14 +0.01 0.12 1.3 ◦ -
TY Sct 11.05 0.35 −1.19 0.10 −2.47 0.07 +3.67 2.94 −1.55 2.20 1.4 +0.09 0.15 −0.11 0.12 1.1 B
CK Sct 7.42 0.57 +0.18 0.09 −0.54 0.06 +2.23 2.36 −0.31 1.80 1.0 +0.09 0.18 −0.11 0.15 0.9 -
CM Sct 3.92 0.41 −1.02 0.11 −1.34 0.07 +1.02 2.90 +1.90 2.23 0.9 +0.01 0.16 −0.07 0.13 0.6 -
EV Sct 4.40 0.53 −0.12 0.07 −2.61 0.04 +0.67 2.17 +0.63 1.58 0.5 −0.10 0.13 −0.09 0.11 1.1 B:
CR Ser 5.30 0.70 −1.08 0.08 +0.33 0.06 +1.77 2.40 −3.77 1.62 2.4 −0.19 0.13 +0.41 0.11 3.9 • -
ST Tau 4.03 0.84 +0.06 0.04 −2.26 0.02 +2.40 1.19 −0.45 0.65 2.1 +0.29 0.13 +0.05 0.11 2.4 † ◦ -
SZ Tau 4.48 1.46 −4.35 0.03 −5.29 0.02 +2.38 0.80 −0.62 0.56 3.2 −0.27 0.15 −0.06 0.09 1.9 • B
EU Tau 2.97 0.83 +1.06 0.04 −2.51 0.03 −0.35 1.33 +0.29 0.93 0.4 +0.15 0.12 +0.08 0.10 1.5 B:
R TrA 3.39 1.50 −5.33 0.01 −8.31 0.02 +0.27 0.39 +1.44 0.59 2.5 +0.10 0.08 −0.00 0.10 1.3 ◦ B
S TrA 6.32 1.10 −2.42 0.01 −2.92 0.02 +0.13 0.39 −0.50 0.48 1.1 +0.06 0.09 +0.10 0.08 1.4 -
LR TrA 3.44 0.92 −4.74 0.01 −7.40 0.02 +0.49 0.47 +0.11 0.59 1.1 −0.12 0.08 −0.47 0.09 5.6 ? B
T Vel 4.64 0.88 −6.68 0.02 +4.26 0.03 +0.09 0.84 −1.14 0.97 1.2 +0.00 0.09 +0.06 0.10 0.6 B
V Vel 4.37 0.94 −10.05 0.01 +14.08 0.03 −1.14 0.68 −0.52 0.72 1.8 −0.05 0.09 −0.08 0.09 1.0
RY Vel 28.14 0.39+ −6.78 0.02 +3.68 0.04 +0.82 0.89 −0.08 0.88 0.9 −0.12 0.31 +0.63 0.29 2.2 ‡ ◦ -
RZ Vel 20.40 0.58 −4.63 0.02 +5.92 0.02 +0.51 0.74 +1.74 0.61 2.9 +0.02 0.09 −0.08 0.10 0.9 † ◦ B
ST Vel 5.86 0.44 −4.66 0.02 +4.46 0.04 −1.23 1.14 −0.04 1.19 1.1 −0.16 0.09 +0.09 0.10 2.0 ◦ B
SV Vel 14.10 0.44 −7.38 0.03 +2.75 0.04 −0.16 1.64 −0.21 1.23 0.2 +0.15 0.09 +0.06 0.10 1.8 -
SW Vel 23.44 0.29 −4.44 0.03 +4.76 0.03 −2.29 1.02 −0.69 0.96 2.3 −0.04 0.10 −0.12 0.10 1.2 ◦ -
SX Vel 9.55 0.44 −4.42 0.02 +4.88 0.03 +1.96 1.02 −1.65 0.75 2.9 −0.08 0.10 −0.06 0.10 1.0 ◦ -
XX Vel 6.98 0.26 −7.77 0.03 +3.50 0.05 +2.76 1.57 +1.01 1.28 1.9 +0.02 0.09 +0.02 0.10 0.3 -
AE Vel 7.13 0.34 −4.96 0.03 +4.10 0.04 −1.31 1.13 −0.76 1.22 1.3 −0.13 0.09 +0.00 0.09 1.4 -
AH Vel 6.05 1.25 −4.64 0.01 +7.44 0.01 +0.56 0.26 −0.02 0.24 2.2 +0.30 0.12 −0.53 0.12 5.2 ? B
BG Vel 6.92 1.04 −10.38 0.01 +5.72 0.02 +0.80 0.64 +0.89 0.51 2.1 −0.07 0.10 +0.06 0.10 1.0 † ◦ B
DK Vel 2.48 0.24 −4.26 0.05 +3.57 0.07 +2.65 1.99 +0.23 1.80 1.3 +0.19 0.10 +0.05 0.11 2.1 ◦ V
DP Vel 5.48 0.24 −4.24 0.05 +3.40 0.08 +3.40 2.19 +0.40 2.25 1.6 −0.01 0.11 +0.09 0.12 0.8
DR Vel 11.20 0.42 −5.56 0.02 +3.88 0.03 −0.20 1.12 +0.63 0.94 0.7 −0.11 0.09 −0.03 0.10 1.2 -
FN Vel 5.32 0.24 −5.96 0.03 +3.36 0.05 +2.36 1.28 −1.14 1.15 2.1 −0.28 0.09 +0.08 0.10 3.1 • B
T Vul 4.44 1.70 +3.78 0.01 −5.39 0.01 +1.28 0.33 +1.01 0.43 4.6 −0.24 0.16 +0.16 0.16 1.8 † • B
U Vul 7.99 1.08 +0.45 0.02 −2.57 0.02 −1.11 0.65 +0.06 0.70 1.7 +0.51 0.09 +1.48 0.10 16.4 ? O
X Vul 6.32 0.87 −1.23 0.04 −4.40 0.04 +0.52 1.31 +0.80 1.54 0.7 −0.13 0.10 +0.23 0.10 2.6 † ◦ -
SV Vul 45.02 0.40 −2.15 0.01 −5.89 0.02 +0.65 0.45 −0.68 0.71 1.7 +0.07 0.08 −0.06 0.09 1.1 B
BR Vul 5.20 0.45 −3.61 0.04 −6.35 0.04 −2.79 1.54 +0.22 1.47 1.8 +0.08 0.09 +0.03 0.10 0.9 -
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Table A.4. Maximum semi-major axis and orbital period of selected binary Cepheid candidate systems without spectroscopic orbits.
Target $ m†1 m
†
2 amax amax Porb max
(mas) (M) (M) (lin.) (ang.)
RX Aur 0.570.05 6.000.90 3.001.80 1.8+9.5−1.2 kau 1.0
+5.5
−0.7
′′ 25.6+144.2−21.1 ka
SY Aur 0.340.05 5.800.87 2.901.74 0.4+1.4−0.3 kau 0.2
+0.5
−0.1
′′ 3.2+20.8−2.5 ka
RW Cam 1.530.18 6.701.00 3.352.01 0.1+0.1−0.0 kau 0.2
+0.1
−0.1
′′ 0.4+0.4−0.2 ka
CK Cam 1.300.03 4.100.61 2.051.23 0.4+0.2−0.1 kau 0.5
+0.2
−0.2
′′ 3.4+2.0−1.2 ka
RZ CMa 0.520.04 4.400.66 2.201.32 0.2+0.1−0.1 kau 0.1
+0.1
−0.0
′′ 1.2+1.6−0.6 ka
SX Car 0.520.04 4.600.69 2.301.38 1.6+11.0−1.0 kau 0.8
+5.7
−0.5
′′ 24.3+235.8−20.9 ka
UW Car 0.290.03 4.800.72 2.401.44 14.6+4.6−4.6 au 4.3
+1.4
−1.4 mas 20.9
+9.9
−6.2 a
WW Car 0.400.03 4.600.69 2.301.38 1.5+6.8−1.0 kau 0.6
+2.7
−0.4
′′ 21.2+105.8−18.7 ka
XX Car 0.290.03 6.600.99 3.301.98 0.8+3.4−0.5 kau 0.2
+1.0
−0.2
′′ 7.3+43.8−6.0 ka
EY Car 0.360.03 3.900.58 1.951.17 0.3+0.7−0.2 kau 0.1
+0.3
−0.1
′′ 2.3+7.6−1.6 ka
GX Car 0.380.03 5.200.78 2.601.56 0.3+0.4−0.1 kau 0.1
+0.1
−0.1
′′ 1.7+4.1−1.0 ka
IT Car 0.730.03 5.300.79 2.651.59 1.9+3.0−1.0 kau 1.4
+2.2
−0.7
′′ 28.3+74.8−19.5 ka
SY Cas 0.430.03 4.400.66 2.201.32 0.7+1.6−0.4 kau 0.3
+0.7
−0.2
′′ 7.2+24.5−5.3 ka
VV Cas 0.360.04 5.000.75 2.501.50 0.2+0.2−0.1 kau 60.3
+68.7
−27.5 mas 0.8
+1.2
−0.4 ka
BP Cas 0.400.03 5.000.75 2.501.50 0.7+1.8−0.4 kau 0.3
+0.7
−0.2
′′ 6.4+30.0−4.6 ka
CF Cas 0.320.03 4.600.69 2.301.38 0.4+1.5−0.2 kau 0.1
+0.5
−0.1
′′ 3.0+20.4−2.3 ka
DF Cas 0.340.03 4.300.64 2.151.29 0.3+1.6−0.2 kau 0.1
+0.5
−0.1
′′ 2.2+10.6−1.8 ka
DW Cas 0.380.03 4.700.70 2.351.41 0.8+3.8−0.5 kau 0.3
+1.5
−0.2
′′ 9.2+40.6−7.5 ka
V0419 Cen 0.360.05 5.400.81 2.701.62 0.7+3.5−0.4 kau 0.3
+1.3
−0.2
′′ 6.9+38.7−5.6 ka
R Cru 1.980.54 4.900.73 2.451.47 2.1+11.5−1.3 kau 4.2
+22.7
−2.8
′′ 35.8+280.6−31.1 ka
SU Cru 4.415.53 6.200.93 3.101.86 23.7+22.0−10.3 au 0.1
+0.2
−0.1
′′ 37.9+53.6−19.1 a
X Cyg 0.930.03 6.701.00 3.352.01 2.2+2.1−1.0 kau 2.0
+1.9
−0.9
′′ 32.2+44.2−19.2 ka
TX Cyg 0.810.04 6.500.97 3.251.95 3.2+11.5−1.8 kau 2.6
+9.3
−1.5
′′ 58.9+300.8−44.1 ka
GH Cyg 0.430.03 5.300.79 2.651.59 1.4+7.0−0.9 kau 0.6
+3.0
−0.4
′′ 18.1+110.4−15.5 ka
V0495 Cyg 0.460.03 5.100.76 2.551.53 1.6+10.7−1.1 kau 0.8
+4.9
−0.5
′′ 23.8+161.5−20.9 ka
V0520 Cyg 0.560.03 4.400.66 2.201.32 0.6+1.0−0.3 kau 0.3
+0.5
−0.2
′′ 5.7+19.5−3.9 ka
beta Dor 3.140.28 5.700.85 2.851.71 0.3+0.2−0.1 kau 0.9
+0.7
−0.4
′′ 1.7+2.3−0.8 ka
RZ Gem 0.280.07 4.800.72 2.401.44 0.2+0.8−0.1 kau 60.0
+230.5
−38.8 mas 1.1
+10.2
−0.9 ka
AA Gem 0.220.05 6.000.90 3.001.80 0.2+1.1−0.2 kau 53.6
+241.2
−39.3 mas 1.3
+15.3
−1.1 ka
DX Gem 0.220.04 4.500.67 2.251.35 98.4+226.2−57.6 au 21.9
+50.5
−13.5 mas 0.4
+2.1
−0.3 ka
zeta Gem 2.280.30 5.800.87 2.901.74 1.0+4.7−0.7 kau 2.4
+10.6
−1.5
′′ 11.5+64.5−9.3 ka
BG Lac 0.540.03 4.800.72 2.401.44 1.4+5.9−0.9 kau 0.8
+3.2
−0.5
′′ 20.2+103.8−16.5 ka
V0465 Mon 0.260.05 3.900.58 1.951.17 87.7+247.5−49.0 au 22.9
+64.8
−13.6 mas 0.3
+1.4
−0.2 ka
V0526 Mon 0.450.04 4.300.64 2.151.29 1.0+5.9−0.7 kau 0.4
+2.6
−0.3
′′ 12.4+97.1−10.6 ka
R Mus 1.030.03 5.300.79 2.651.59 4.5+12.7−2.4 kau 4.6
+13.0
−2.5
′′ 107.3+424.9−75.5 ka
RT Mus 0.710.03 4.000.60 2.001.20 2.4+8.7−1.6 kau 1.7
+6.2
−1.1
′′ 48.6+391.5−39.6 ka
SY Nor 0.430.04 6.200.93 3.101.86 0.1+0.1−0.0 kau 45.9
+29.7
−14.9 mas 0.4
+0.4
−0.2 ka
CS Ori 0.290.05 4.300.64 2.151.29 0.2+0.7−0.1 kau 44.4
+187.7
−27.6 mas 0.8
+4.9
−0.6 ka
SV Per 0.060.28 5.900.89 2.951.77 0.1+0.2−0.0 au 0.0
+0.0
−0.0 mas 0.0
+0.0
−0.0 a
UX Per 0.260.04 4.500.67 2.251.35 10.3+7.8−4.1 au 2.6
+2.0
−1.1 mas 12.7
+14.8
−7.0 a
AS Per 0.550.04 4.700.70 2.351.41 1.2+4.0−0.6 kau 0.7
+2.2
−0.4
′′ 15.9+93.0−11.9 ka
WX Pup 0.360.04 5.600.84 2.801.68 0.7+1.9−0.4 kau 0.2
+0.7
−0.1
′′ 6.1+27.6−4.8 ka
AP Pup 0.830.03 4.700.70 2.351.41 0.4+0.3−0.1 kau 0.3
+0.2
−0.1
′′ 3.1+2.9−1.3 ka
BN Pup 0.180.03 6.300.94 3.151.89 0.2+1.2−0.2 kau 44.9
+212.4
−29.9 mas 1.3
+9.8
−1.1 ka
LS Pup 0.180.03 6.400.96 3.201.92 0.1+0.4−0.1 kau 23.1
+72.2
−13.7 mas 0.5
+2.6
−0.4 ka
Y Sgr 2.640.45 4.900.73 2.451.47 2.7+9.3−1.6 kau 7.1
+24.7
−4.4
′′ 51.8+227.1−41.5 ka
XX Sgr 0.730.06 5.000.75 2.501.50 1.5+5.7−0.9 kau 1.1
+4.2
−0.6
′′ 20.6+108.8−16.3 ka
YZ Sgr 0.800.05 5.700.85 2.851.71 2.0+6.7−1.2 kau 1.6
+5.3
−1.0
′′ 30.1+192.4−23.6 ka
AY Sgr 0.500.05 5.100.76 2.551.53 0.8+3.0−0.5 kau 0.4
+1.5
−0.3
′′ 8.6+42.0−7.2 ka
RV Sco 1.160.06 4.900.73 2.451.47 0.5+0.2−0.2 kau 0.5
+0.3
−0.2
′′ 3.6+2.3−1.6 ka
Y Sct 0.460.07 5.800.87 2.901.74 0.8+2.7−0.5 kau 0.4
+1.2
−0.3
′′ 8.2+51.1−6.6 ka
RU Sct 0.460.07 7.101.06 3.552.13 1.1+8.2−0.7 kau 0.5
+3.8
−0.3
′′ 11.2+45.6−9.9 ka
CR Ser 0.700.04 4.700.70 2.351.41 0.7+1.0−0.4 kau 0.5
+0.7
−0.2
′′ 6.7+21.9−4.2 ka
ST Tau 0.840.06 4.400.66 2.201.32 2.1+9.0−1.2 kau 1.7
+7.6
−1.0
′′ 36.4+201.3−29.7 ka
LR TrA 0.920.03 4.200.63 2.101.26 0.9+0.6−0.3 kau 0.8
+0.5
−0.3
′′ 10.5+15.0−5.2 ka
RY Vel 0.920.03 7.901.19 3.952.37 0.9+7.1−0.6 kau 0.9
+6.6
−0.5
′′ 8.5+64.6−7.1 ka
ST Vel 0.440.03 4.900.73 2.451.47 1.6+8.5−1.1 kau 0.7
+3.7
−0.5
′′ 23.4+228.5−20.2 ka
AH Vel 1.250.06 4.900.73 2.451.47 1.2+1.0−0.5 kau 1.5
+1.2
−0.6
′′ 15.5+22.8−8.4 ka
DK Vel 0.240.02 3.800.57 1.901.14 0.3+2.3−0.2 kau 76.0
+557.9
−52.5 mas 2.4
+15.9
−2.1 ka
X Vul 0.870.04 5.000.75 2.501.50 3.2+17.7−1.9 kau 2.7
+15.4
−1.7
′′ 64.8+438.5−50.8 ka
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Table A.5. Proper motion anomalies of RR Lyrae stars. The columns are identical to Table A.1, except “RR” that lists the subtype of variability.
When the Arenou et al. (2018) quality control parameters are not all satisfied, the star is marked with † after ∆G2 and when RUWE % > 1.4 they
are marked with ‡ (Sect. 2.3). The table is available at the CDS.
Name Period $ µHG (mas a−1) µHip − µHG (mas a−1) ∆Hip µG2 − µHG (mas a−1) ∆G2 PM RR
(d) (mas) µα µδ µα µδ µα µδ bin.
SW And 0.44 1.81 −6.56 0.04 −18.83 0.03 −0.30 1.33 +1.25 0.88 1.4 −0.20 0.14 −0.56 0.26 2.6 ◦ AB
XX And 0.72 0.72 +58.31 0.04 −32.84 0.05 +1.36 1.50 −1.34 1.31 1.4 −0.31 0.11 −0.13 0.12 3.0 • AB
AT And 0.62 2.21 −8.62 0.03 −50.81 0.05 +0.46 1.28 +0.19 1.39 0.4 −7.09 0.45 −2.15 0.39 16.7 † ‡ ? AB
WY Ant 0.57 0.94 +35.91 0.04 −50.19 0.05 +0.43 1.57 +0.72 1.53 0.5 +0.50 0.17 +0.01 0.15 2.9 ◦ AB
DN Aqr 0.63 0.67 +46.81 0.07 −15.34 0.06 +3.94 2.79 +3.32 1.73 2.4 −0.09 0.13 −0.20 0.12 1.8 ◦ AB
CH Aql 0.39 0.29 +0.77 0.76 −4.97 0.46 +23.44 25.10 +16.55 15.75 1.4 +0.09 0.77 +0.93 0.47 2.0 ‡ ◦ AB
S Ara 0.45 1.15 −24.03 0.04 −8.82 0.04 −2.23 2.10 −0.66 1.11 1.2 −0.27 0.11 −0.12 0.10 2.8 ◦ AB
X Ari 0.65 1.87 +66.59 0.05 −89.18 0.05 +0.87 1.81 +1.05 1.75 0.8 +0.26 0.12 −0.20 0.11 2.9 ◦ AB
RS Boo 0.38 1.39 +4.98 0.03 −0.55 0.04 +0.42 1.21 +3.37 1.14 3.0 −0.14 0.11 +0.01 0.11 1.4 ◦ AB
ST Boo 0.62 0.77 −16.83 0.04 −11.28 0.05 +1.26 1.22 −0.59 1.38 1.1 −0.07 0.11 −0.24 0.12 2.1 ◦ AB
TW Boo 0.53 0.75 −0.16 0.04 −53.08 0.05 −3.34 1.40 −0.64 1.53 2.4 +0.14 0.08 +0.14 0.10 2.2 ◦ AB
AE Boo 0.31 1.17 −23.75 0.05 −38.15 0.06 −0.92 1.81 −0.22 1.69 0.5 −0.04 0.11 +0.37 0.12 3.2 • C
UY Cam 0.27 0.74 −1.82 0.01 −17.69 0.06 −0.97 1.40 +2.07 1.88 1.3 +0.22 0.10 +0.09 0.12 2.3 ◦ C
EW Cam 0.63 1.65 −19.56 0.01 −27.65 0.03 +1.90 0.72 +1.48 0.98 3.0 −0.00 0.08 −0.06 0.09 0.7 • AB
RW Cnc 0.55 0.52 −0.84 0.10 −35.60 0.08 +3.93 3.15 +3.81 1.64 2.6 −0.23 0.15 −0.00 0.12 1.5 ◦ AB
W CVn 0.55 1.05 −18.32 0.03 −17.40 0.04 −1.38 0.89 +1.77 1.16 2.2 +0.07 0.09 +0.15 0.10 1.6 ◦ AB
RZ CVn 0.57 0.57 −53.05 0.05 −0.08 0.06 +1.15 2.13 −0.87 1.52 0.8 +0.19 0.09 +0.09 0.10 2.2 ◦ AB
ST CVn 0.33 0.80 −17.07 0.06 −11.51 0.07 +2.93 2.68 −2.85 1.84 1.9 −0.23 0.11 −0.08 0.11 2.3 ◦ C
YZ Cap 0.27 0.88 −14.76 0.08 −18.86 0.05 −3.43 2.89 −1.87 1.36 1.8 +0.33 0.15 +0.05 0.12 2.2 ◦ C
V0363 Cas 0.55 0.80 −1.27 0.02 −2.30 0.05 +1.10 1.62 +1.07 1.48 1.0 −0.33 0.09 −0.26 0.09 4.7 • (B)
EZ Cep 0.38 0.61 −0.91 0.03 +6.05 0.21 −12.66 5.44 +20.73 6.14 4.1 −0.35 0.09 +0.09 0.22 4.1 • C
RU Cet 0.59 0.55 +22.88 0.14 −23.60 0.10 −0.32 4.22 −3.64 2.37 1.5 −0.40 0.19 −0.10 0.13 2.2 ◦ AB
RW Col 0.53 0.32 −2.06 0.16 +2.49 0.21 +11.46 5.22 −2.36 6.62 2.2 +0.02 0.18 −0.08 0.22 0.4 ◦ AB
U Com 0.29 0.55 −48.52 0.09 −13.53 0.08 +4.10 3.68 +1.63 2.22 1.3 +0.29 0.13 +0.21 0.11 2.9 ◦ C
HY Com - 1.06 −3.45 0.06 −28.48 0.04 +1.40 1.86 +2.48 1.13 2.3 −0.02 0.12 +0.02 0.10 0.2 ◦ C
W Crt 0.41 0.78 −16.35 0.10 −11.21 0.07 −5.52 2.73 +2.25 1.89 2.3 +0.07 0.14 −0.02 0.11 0.6 ◦ AB
XZ Cyg 0.47 1.60 +84.32 0.02 −24.46 0.03 −1.52 0.98 −0.92 0.97 1.8 +0.60 0.09 +0.11 0.10 6.8 ? AB
VW Dor 0.57 0.61 −7.21 0.04 +8.80 0.10 −1.77 1.74 +3.02 2.86 1.5 +0.18 0.10 −0.19 0.13 2.4 ◦ AB
RW Dra 0.44 0.74 −6.21 0.04 −9.49 0.09 −5.74 2.33 −2.26 2.61 2.6 +0.04 0.09 −0.20 0.12 1.7 ◦ AB
CS Eri 0.31 2.10 +95.58 0.02 +7.77 0.04 −0.11 1.02 −2.55 0.98 2.6 +0.12 0.08 −0.16 0.09 2.3 ◦ C
SS For 0.50 1.20 +28.01 0.05 −72.56 0.04 +0.49 1.43 −0.22 1.21 0.4 −0.28 0.12 −0.06 0.11 2.5 ◦ AB
RR Gem 0.40 0.72 −0.07 0.10 +1.32 0.07 +1.99 3.89 +0.32 2.16 0.5 +0.15 0.17 −0.33 0.17 2.2 ◦ AB
TW Her 0.40 0.89 +3.82 0.04 −2.53 0.05 −1.00 1.39 +3.47 1.50 2.4 +0.00 0.09 +0.02 0.10 0.2 ◦ AB
VX Her 0.46 1.01 −51.08 0.06 +20.06 0.05 −4.36 1.93 −2.19 1.67 2.6 −0.01 0.11 −0.03 0.11 0.3 ◦ AB
VZ Her 0.44 0.66 −18.08 0.04 −18.34 0.05 −1.00 1.44 +2.89 1.53 2.0 −0.01 0.09 −0.15 0.10 1.5 ◦ AB
AR Her 0.47 0.73 −61.00 0.04 +17.18 0.07 +0.38 2.13 −2.12 2.52 0.9 −0.07 0.10 +0.30 0.13 2.5 † ◦ AB
V0893 Her - 2.68 −6.86 0.02 +11.52 0.03 +1.37 0.70 −1.30 0.67 2.7 +0.11 0.09 +0.02 0.09 1.3 ◦ :
SZ Hya 0.54 0.80 +0.27 0.19 −44.70 0.17 −2.44 5.73 −1.37 3.94 0.5 −0.18 0.22 +0.42 0.20 2.3 ◦ AB
WZ Hya 0.54 1.06 −5.36 0.09 −19.51 0.07 −0.80 3.14 +4.34 2.18 2.0 +0.16 0.13 +0.02 0.12 1.3 ◦ AB
CZ Lac 0.43 0.85 −1.51 0.26 −1.98 0.41 +44.54 11.58 +13.68 10.66 4.1 −1.04 0.27 +0.39 0.42 3.9 • AB
ST Leo 0.48 0.78 −8.67 0.09 −36.49 0.06 −0.37 2.70 −1.84 1.77 1.0 +0.21 0.14 −0.17 0.11 2.1 ◦ AB
VY Lib 0.53 0.82 −4.01 0.11 −52.76 0.07 +5.16 3.28 +3.53 2.67 2.1 +0.36 0.16 −0.21 0.11 3.0 ◦ AB
CG Lib 0.31 0.89 −63.00 0.11 −19.39 0.07 +1.35 4.69 −5.98 3.60 1.7 +0.34 0.16 −0.12 0.11 2.4 ◦ C
IN Lib - 13.41 −55.40 0.02 −18.20 0.01 −0.06 0.63 +1.40 0.51 2.7 +0.12 0.13 −0.12 0.10 1.5 ◦ :
TV Lyn 0.24 0.82 +0.70 0.06 +6.19 0.07 −6.34 2.98 −2.99 2.62 2.4 +0.04 0.12 +0.02 0.11 0.4 ◦ C
CN Lyr 0.41 1.14 −1.53 0.04 −5.44 0.06 +1.84 1.41 −3.81 1.69 2.6 +0.12 0.09 −0.08 0.11 1.6 ◦ AB
AW Mic 0.48 2.10 +98.39 0.03 −79.67 0.03 −0.22 1.07 −0.05 0.69 0.2 −0.10 0.10 −0.21 0.10 2.4 ◦ C:
V0764 Mon - 4.53 −10.35 0.02 +3.09 0.01 −1.05 0.75 +1.77 0.49 3.8 +1.55 0.23 −0.42 0.17 7.1 ‡ ? C
RY Oct 0.56 0.58 −9.58 0.02 −28.84 0.11 +0.86 3.44 −2.20 3.04 0.8 +0.20 0.08 −0.06 0.14 2.4 ◦ AB
SS Oct 0.62 0.86 −1.75 0.01 −32.55 0.08 +1.21 2.79 −1.62 2.34 0.8 −0.15 0.08 −0.15 0.12 2.2 ◦ AB
UV Oct 0.54 1.92 −58.10 0.00 −120.26 0.03 +0.25 0.77 −2.06 0.84 2.5 −0.52 0.08 −0.39 0.09 7.5 ? AB
V0445 Oph 0.40 1.64 −2.77 0.17 +6.85 0.12 −4.85 5.73 −2.96 3.97 1.1 −0.41 0.22 −0.14 0.16 2.1 ◦ AB
V0455 Oph 0.45 0.55 −25.73 0.12 −28.62 0.11 −7.54 3.76 +6.97 3.59 2.8 +0.01 0.16 −0.35 0.15 2.3 ◦ AB
WY Pav 0.59 0.64 −24.82 0.08 −32.05 0.12 −10.84 4.60 +4.16 2.99 2.7 −0.03 0.12 +0.02 0.15 0.3 ◦ AB
VZ Peg 0.31 0.42 +19.53 0.08 −25.51 0.07 −0.11 2.30 −4.61 1.78 2.6 −0.05 0.13 +0.04 0.11 0.5 ◦ C
AV Peg 0.39 1.49 +14.16 0.06 −8.42 0.05 −0.12 1.90 +0.35 1.51 0.2 +0.02 0.10 −0.20 0.10 2.0 ◦ AB
KN Per 0.43 0.97 +1.21 0.09 −8.87 0.09 +0.95 4.10 −3.88 3.11 1.3 −0.00 0.14 +0.28 0.13 2.1 ◦ C
RV Phe 0.60 0.54 +46.17 0.06 −13.61 0.08 +2.69 2.65 −0.77 1.85 1.1 +0.25 0.10 +0.02 0.11 2.4 ◦ AB
HH Pup 0.39 1.12 +3.94 0.05 +0.71 0.07 −3.07 2.19 −3.26 2.17 2.1 −0.25 0.09 +0.12 0.11 2.9 ◦ AB
KZ Pup - 0.39 −3.17 0.08 −1.61 0.06 +3.00 2.36 −2.74 1.64 2.1 +0.12 0.11 +0.02 0.10 1.1 ◦
V2232 Sgr - 0.22 −4.07 0.35 −19.12 0.26 +41.72 19.23 +1.41 10.31 2.2 +0.13 0.36 −0.11 0.27 0.5 ◦
RU Scl 0.49 1.10 +49.99 0.05 −18.00 0.03 +3.86 1.94 +0.62 0.88 2.1 +0.02 0.12 +0.07 0.11 0.7 ◦ AB
UY Scl - 5.37 +14.84 0.08 +4.61 0.09 +1.58 2.95 −1.91 2.46 0.9 +0.53 0.12 −0.35 0.12 5.4 ? C:
AP Ser 0.34 0.78 −40.24 0.11 −41.69 0.06 +4.50 3.25 +0.04 2.48 1.4 +0.29 0.14 −0.18 0.12 2.5 ◦ C
AR Ser 0.58 0.51 −44.75 0.15 +13.91 0.09 +3.23 4.39 −3.97 3.38 1.4 +0.20 0.18 +0.68 0.14 5.2 ? AB
AM Tuc 0.41 0.57 +24.04 0.02 −27.93 0.06 −1.37 1.87 +1.03 2.07 0.9 −0.14 0.10 +0.16 0.10 2.1 ◦ C
TU UMa 0.56 1.59 −70.01 0.04 −53.67 0.04 +0.20 1.11 +3.01 1.09 2.8 +0.75 0.11 +0.30 0.13 6.9 ? AB
AF Vel 0.53 0.86 +43.26 0.04 −14.87 0.06 −3.14 1.55 +0.68 1.59 2.1 +0.09 0.09 +0.10 0.11 1.4 ◦ AB
ST Vir 0.41 0.70 −4.79 0.12 −17.82 0.11 +5.28 4.22 −3.70 3.15 1.7 +0.14 0.16 +0.31 0.14 2.4 ◦ AB
UU Vir 0.48 1.24 −43.11 0.08 −2.37 0.07 −1.42 2.22 −2.63 1.91 1.5 +0.27 0.16 −0.32 0.12 3.1 • AB
AT Vir 0.53 0.87 −59.75 0.08 −22.79 0.06 −3.49 1.99 +0.88 1.37 1.9 −0.11 0.16 +0.23 0.12 2.0 ◦ AB
AU Vir 0.34 0.63 −9.92 0.12 −24.38 0.09 +5.59 3.39 −1.22 2.36 1.7 −0.11 0.17 +0.28 0.14 2.2 ◦ C
AV Vir 0.66 0.56 +3.82 0.10 −34.88 0.07 +7.92 2.70 −3.69 1.76 3.6 −0.00 0.14 −0.09 0.11 0.8 • AB
NN Vir - 8.75 −54.73 0.02 −21.49 0.02 +0.67 0.57 +0.94 0.48 2.3 +0.01 0.33 −0.01 0.56 0.0 † ◦ C:
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Table A.6. Maximum semi-major axis and orbital period of selected RR Lyrae stars.
Target $† m†1 m
†
2 amax amax Porb max
(mas) (M) (M) (lin.) (ang.)
XX And 0.720.05 0.600.10 0.300.18 0.2+0.4−0.1 kau 0.1
+0.3
−0.1
′′ 2.3+8.9−1.7 ka
AT And 2.210.27 0.600.10 0.300.18 3.2+1.0−0.8 au 7.0
+2.3
−1.9 mas 5.9
+2.3
−1.8 a
AE Boo 1.170.04 0.600.10 0.300.18 0.4+0.8−0.2 kau 0.4
+1.0
−0.2
′′ 6.9+28.0−4.7 ka
V0363 Cas 0.800.03 0.600.10 0.300.18 0.1+0.1−0.1 kau 0.1
+0.1
−0.1
′′ 1.5+2.6−0.9 ka
EZ Cep 0.610.02 0.600.10 0.300.18 0.1+0.9−0.1 kau 61
+574
−41 mas 1.1
+8.9
−0.9 ka
XZ Cyg 1.600.03 0.600.10 0.300.18 0.2+0.2−0.1 kau 0.4
+0.3
−0.2
′′ 4.0+4.9−1.9 ka
CZ Lac 0.850.03 0.600.10 0.300.18 20.7+52.0−11.5 au 17.7
+44
−9.8 mas 100
+443
−74 a
V0764 Mon 4.530.16 0.600.10 0.300.18 0.3+0.2−0.1 kau 1.3
+0.8
−0.5
′′ 5.0+3.8−2.3 ka
UV Oct 1.920.03 0.600.10 0.300.18 0.3+0.2−0.1 kau 0.6
+0.4
−0.2
′′ 5.7+5.3−2.5 ka
UY Scl 5.370.04 0.600.10 0.300.18 2.6+2.5−1.1 kau 13.7
+13.6
−5.8
′′ 136+169−73 ka
AR Ser 0.510.04 0.600.10 0.300.18 18.0+20.5−8.2 au 9.1
+10.4
−4.3 mas 81
+147
−45 a
UU Vir 1.240.08 0.600.10 0.300.18 0.3+0.8−0.2 kau 0.4
+0.9
−0.2
′′ 5.7+35.1−4.3 ka
Notes. †: Gaia DR2 parallaxes (see Sect. 3.2).
Table A.7. Variables of various classes presenting a proper motion anomaly.
Name Period $ µHG (mas a−1) µHip − µHG (mas a−1) ∆Hip µG2 − µHG (mas a−1) ∆G2 PM Class
(d) (mas) µα µδ µα µδ µα µδ bin.
CW Cet - 5.21 +65.40 0.04 −19.57 0.02 −1.80 0.96 −0.32 0.48 2.0 −1.99 0.39 −3.82 0.24 16.7 ‡ ? Eclipsinga
V2121 Cyg - 25.60 +68.82 0.01 +56.78 0.01 −0.02 0.30 +1.08 0.32 3.4 −0.13 0.13 +0.33 0.15 2.5 • γDorb
BX Dra 0.56 1.95 −10.79 0.02 +8.80 0.04 +2.87 0.97 −0.92 1.10 3.1 −0.13 0.09 +1.28 0.11 12.3 ? Eclipsingc
HI Dra - 3.79 +6.59 0.01 +11.68 0.03 +0.88 0.69 +1.93 0.82 2.7 −0.17 0.09 −0.03 0.09 1.9 ◦ Ecl. or Ell.d
HN Dra - 4.29 +1.89 0.01 +4.19 0.02 +0.31 0.60 +1.49 0.64 2.4 −0.13 0.09 −0.03 0.10 1.4 ◦ Ell.+δScte
S Eri 0.27 12.04 +39.83 0.01 −87.35 0.01 −0.16 0.18 +0.31 0.16 2.1 −0.39 0.38 −1.07 0.39 2.9 ◦ δSct f
V2381 Oph - 10.88 −1.68 0.03 +9.41 0.02 −1.51 0.79 −10.01 0.52 19.2 +1.47 0.40 −2.83 0.33 9.4 ‡ ? γDorg
V0579 Per - 2.37 −3.59 0.02 −13.90 0.02 −1.60 0.78 −0.59 0.72 2.2 +1.32 0.22 −2.34 0.17 15.2 ‡ ? W UMah
EN TrA 36.54 0.36 −4.21 0.01 +0.29 0.04 −2.01 0.85 −0.05 1.10 2.4 +0.55 0.08 +1.00 0.10 11.7 ? Bin. RV Taui
FT UMa - 3.38 +12.09 0.03 −30.19 0.03 +1.19 1.60 −0.92 0.89 1.3 +0.41 0.15 +0.40 0.13 4.0 ‡ • Contact j
References. (a): Dubath et al. (2011); (b) Cuypers et al. (2009); (c): Park et al. (2013); (d): Honˇková et al. (2013); (e): Chapellier et al. (2004); (f):
Rodríguez et al. (2000); (g): Henry et al. (2011); (h): Pribulla et al. (2003); (i): Van Winckel et al. (1999); (j): Pribulla et al. (2009).
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